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ROBERT v. THOMANN
EUGENE D. DRISCOLL
March 31, 1976
Dr. W.R. Drynan
International Joint Commission
Great Lakes Regional Office
100 Quellette Avenue
Eighth Floor
Windsor,
Dear Dr.
Ontario, Canada
Drynan:
In fulfillment of the terms of our agreement (DSS File:
8802.14001—5—0057), we are pleased to submit herewith our
final report entitled, "Assessment of the Effects of Nutrient
Loadings on Lake Ontario Using a Mathematical Model of the
Phytoplankton".
The report summarizes work which was accomplished in
five specific task areas:
I.
II.
III.
IV.
Compilation and Evaluation of Historic (1967-1974)
Nutrient Loads to Lake Ontario
Compilation of Present (1974) Nutrient Loads to
Lake Ontario Using the Best Available Data
Review of the W.Q.A. Loads and the Preparation of
Alternative Loading Scenarios for Simulation
Purposes
Reduction of the Alternative Loading Scenarios to
Formats Required by the Lake 1 Model
Summarize and Evaluate Lake 1 Model Simulations
Under Alternative Loading Scenarios and Draw
Appropriate Conclusions from the Study Results
A summary of the Study's principal conclusions is
presented in the Executive Summary at the beginning of
this Report.
A Division of Hydroscience Associates. Inc.
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 E X E C U T I V E S U M M A R Y A N D C O N C L U S I O N S
A. SUMMARY
The International Joint Commission, as part of its broad
based responsibility for water resource management on the
Great Lakes, has adopted programs for the control of eutrophication
processes in the Lower GreatLakes. The Water Quality
Agreement (W.Q.A.) between the United States and Canada
constitutes one of the major elements of these programs by
providing for the systematic reduction of nutrient loadings
to the lower Lakes. The foremost question raised by the
W.Q.A. load reduction program is: What response, in terms
of phytoplankton biomass levels, can be expected as a result
of ongoing nutrient removal programs?
The present study attempts to put this question into
perspective throughan analysis of present and historical
loadings to Lake Ontario, and through a series of mathematical
modeling simulations designed to show trends in lakewide
biomass levels as a function of alternative loading scenarios
relative to the W.Q.A..
The input from this study is therefore focused on
several key areas related to the water quality assessment:
a) an evaluation of the present (197§) phosphorus and
nitrogen loads to Lake Ontario,
b) a compilation and evaluation of historical input
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 loads from the largely uncontrollable loadings so that
realistic evaluations of basinwide load reduction programs
could be addressed. One of the principal results of this
task is an apparent discrepency in load reduction requirements
stated in the W.Q.A..
In this regard, the municipal and industrial load
established by the Water Quality Agreement, 16,300 pounds/day,
represents an average effluent phosphorus concentration of
about 2.2 mg P/l. The agreement stipulates in part that:
2. Effluent Requirements. The phosphorus concentrations on
effluent from municipal waste treatment plants discharging in
excess of one million gallons per day, and from smaller plants
as required by regulatory agencies, shall not exceed a daily
average of one milligram per liter into Lake Erie, Lake Ontario
and the International Section of the St. Lawrence River.
 
3. Industrial Discharges. Waste treatment or control require-
_ments for all industrial plants discharging wastes into the Great
Lakes System shall be designed to achieve maximum practicable
reduction of phosphorus discharges to Lake Erie, Lake Ontario and
the International Section of the St. Lawrence River.
Hence, the W.Q.A. municipal and industrial mass load appears
to be greater than the load dictated by effluent requirements.
Even if the allowable 16,300 pound/day load is extrapolated
to 2015 populations, the average effluent requirement is
approximately 1.3 mg P/l. Therefore, there is some "slack"
in the W.Q.A. loads in the sense that if technologically
feasible phosphorus reduction is attained, the municipal and
industrial mass load will probably be less than 16,300
pounds/day.
iii
  
F
i
g
u
r
e
1
s
u
m
m
a
r
i
z
e
s
t
h
e
p
r
e
S
e
n
t
p
h
o
s
p
h
o
r
u
s
l
o
a
d
i
n
g
s
,
t
h
o
s
e
r
e
q
u
i
r
e
d
b
y
W
.
Q
.
A
.
,
a
n
d
t
h
o
s
e
t
h
a
t
a
r
e
t
e
c
h
n
o
l
O
g
i
c
a
l
l
y
f
e
a
s
i
b
l
e
f
o
r
l
a
r
g
e
s
c
a
l
e
t
r
e
a
t
m
e
n
t
f
a
c
i
l
i
t
i
e
s
.
I
T
h
e
s
e
c
o
n
d
e
l
e
m
e
n
t
o
f
t
h
e
s
t
u
d
y
p
r
o
g
r
a
m
c
o
n
s
t
r
u
c
t
e
d
a
s
u
m
m
a
r
y
o
f
p
r
e
s
e
n
t
l
o
a
d
i
n
g
s
t
o
L
a
k
e
O
n
t
a
r
i
o
.
T
h
e
r
e
s
u
l
t
s
i
n
d
i
c
a
t
e
t
h
a
t
t
h
e
.
p
h
o
s
p
h
a
t
e
d
e
t
e
r
g
e
n
t
b
a
n
h
a
s
h
a
d
a
s
i
g
n
i
f
i
c
a
n
t
i
m
p
a
c
t
in
r
e
d
u
c
i
n
g
t
h
e
p
h
o
s
p
h
o
r
u
s
l
o
a
d
f
r
o
m
m
u
n
i
c
i
p
a
l
a
n
d
i
n
d
u
s
t
r
i
a
l
s
o
u
r
c
e
s
.
H
o
w
e
v
e
r
,
t
h
e
p
r
e
s
e
n
t
h
i
g
h
f
l
o
w
p
e
r
i
o
d
o
n
t
h
e
L
a
k
e
s
,
m
o
s
t
n
o
t
a
b
l
y
in
th
e
N
i
a
g
a
r
a
R
i
ve
r
,
p
r
e
c
l
u
d
e
s
t
h
e
i
d
e
n
t
i
f
i
c
a
t
i
o
n
o
f
a
s
i
g
n
i
f
i
c
a
n
t
r
e
d
u
c
t
i
o
n
in
t
h
e
t
o
t
a
l
p
h
o
s
p
h
o
r
u
s
l
o
a
d
i
n
g
i
n
t
h
e
1
9
7
4
n
u
t
r
i
e
n
t
l
o
a
d
e
s
t
i
m
a
t
e
.
A
l
t
e
r
n
a
t
i
v
e
l
o
a
d
i
n
g
s
c
e
n
a
r
i
o
s
,
w
h
i
c
h
r
e
f
l
e
c
t
v
a
r
i
o
u
s
co
mb
in
at
io
ns
of
W.
Q.
A.
i
m
p
l
e
m
e
n
t
a
t
i
o
n
pe
ri
od
,
sy
st
em
ki
ne
ti
cs
,
an
d
N
i
a
g
a
r
a
Ri
ve
r
n
ut
r
i
e
n
t
l
o
a
d
i
n
g
ra
te
,
we
re
c
o
n
s
t
r
uc
t
e
d
to
te
st
th
e
im
pa
ct
s
of
p
h
o
s
p
h
o
r
us
lo
ad
r
e
d
uc
t
i
o
n
on
la
ke
wi
de
p
h
y
t
o
p
l
a
n
k
t
o
n
b
i
o
m
a
s
s
.
T
h
e
L
A
K
E
1
m
o
d
e
l
w
a
s
u
s
e
d
to
ca
lc
ul
at
e
tr
en
ds
in
fu
tu
re
p
h
yt
o
p
l
a
n
k
t
o
n
bi
om
as
s
le
ve
ls
un
de
r
ea
ch
of
th
es
e
sc
en
ar
io
s.
Th
e
re
su
lt
s
of
th
es
e
lo
ad
in
g
sc
en
ar
io
s
is
su
mm
ar
iz
ed
in
Fi
gu
re
2.
Fi
gu
re
2
pr
es
en
ts
a
su
mm
ar
y
of
c
o
m
p
ut
e
d
c
h
l
o
r
o
p
h
yl
l
c
o
n
c
e
n
t
r
a
t
i
o
n
s
te
n
ye
ar
s
in
to
an
i
m
p
l
e
m
e
n
t
a
t
i
o
n
p
r
o
g
r
a
m
as
a
fu
nc
ti
on
of
th
e
ph
os
ph
or
us
lo
ad
re
du
ct
io
n
ra
te
in
po
un
ds
/d
ay
pe
r
ye
ar
.
Th
e
fi
gu
re
co
ns
id
er
s
3
ki
ne
ti
c
as
su
mp
ti
on
s
an
d
al
so
sh
ow
s
th
e
pr
es
en
t
ra
ng
e
of
pe
ak
an
nu
al
ch
lo
ro
ph
yl
l
iv
              
IOO
nun:
r - a mzcmnnou ANO SEN-EMT nuns:
H
90 _ 21.3.1213. MUNICIPAL ANO INOUOTNIAL _‘
m meTAmu
- LAKE :mc
80 '- .4
Q 70 - A
o
\
U)
(D
_l
m
9 60 *- -
0
E
O
<
.1
U)
D
m
0
I
3-, 4o — .4
O
I
(L
.1
<1
*5 30 — -«
A.
20 — ' - V -
IO }- —
o T
I974 WOA LOAD WOA LOAD TECHNOLOGICALLY
LOADS NA" LOAD mo P/I FEASIBLE LOAD
OASII EFFLUENT an I" P/l
CONCENTRATION EFFLUENT
CONCENTRATION
-
SUMMARY OF PHOSPHORUS LOADINGS TO LAKE ONTARIO
   
    
  
 
  
   
  
FIGURE REPRESENTS
CONDITIONS TEN YEARS
FROM THE PRESENT
PESSIMISTIC KINETIC TIME
A CONDITIONS
i
O
320
(D
\
a:
RE
AS
ON
AB
LE
KI
NE
TI
C\
\
>'
CO
ND
IT
IO
NS
\
.
9
p—
<
‘ ‘
z
‘ \
\
9
I5
—
\
Z
E
d
O.
uJ
w
t
h
m
m
m
—
“
w
m
m
m
m
w
m
w
,I_ macs? CNLMVLL'II‘ tuna:
EI
O
w
w
—
—
—
'
—
-
—
—
—
—
—
—
-
—
—
—
—
—
—
2°
.1
.1
>
I
% OPTIMISTIC KINETIC
I:
CO
ND
IT
IO
NS
\
\
O
\
_.I
\ \
I
5 I
—
\
Q
I
<1
LAJ
O.
o
I
I
I
.
0
I00
0
200
0
300
0
400
0
RA
TE
OF
PH
OS
PH
OR
US
LO
AD
RE
DU
CT
IO
N
(L
BS
/D
AY
/Y
R)
PHIJgLAHLORUS
L
I
1
l
1
I
J
LOA
D
o
IOOO
O
2000
0
3000
0
4000
0
500
00
3.“?
32‘3
13
(lb. IDcy)
RESIDUAL
l
l
I
1
l
l
'
I PNJ
gJNA
OLnu
s
750
00
650
00
550
00
450
00
350
00
25
00
0
LOA
D
I
1
‘
(Ib
I/D
oy)
’RES
ENT
'0‘
LOADS
'9‘
LOAD
S TE
CNdOL
OOICA
LY
’AJYO
RAL
LOADS
('13:
LOAD/ﬂ
.
(II'P
/I}
FEISA
ILE
L040:
'17!) L010
REDUCTION
FIGUREZ
EFFECT OF PHOSPHORUS LOAD REDUCTION RATE
 
 concentrations in Lake Ontario. The load reduction scale is
paralleled with two others describing the total load reduction
achieved in 10 years and the residual loading at the end of
10 years. Finally, five reference loading conditions are
displayed. These are:
1. The present total phosphorus loading to Lake
Ontario
2. The mass loading rate specified in the W.Q.A.
3. The mass loading rate based on an effluent total
phosphorus concentration of 1.0 mg P/l.
4. The mass loading rate which is technologically
feasible (0.1 mg P/l).
5. Lake Ontario "pastoral" conditions(2).
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 is calculated to be 5,400 pounds/day which is consistent
with other estimates of post-ban phosphorus load reductions.
The load reduction is not apparent in total load estimates
from the Niagara River due to significant flow increased in
the Niagara River since 1971. Similar analysis methods have
indicated that the total nitrogen loading from the Niagara
River outlet has not changed during that same period.
3. Municipal and industrial total phosphorus loads to
the Lake Ontario Basin show a significant decline since
1971. This reduction, which amounts to more than 10,000
pounds/day reflects partial implementation of the Water
Quality Agreement and implementation of the phosphate
detergent ban. By contrast, total nitrogen loadings from
municipal and industrial sources has grown steadily from
1967 to 1974.
4. The study results indicate that there are no strong
trends in nutrient loadings from tributary discharges to
Lake Ontario where such discharges include municipal point
sources in the tributary basin. One would suspect that the
phosphate detergent ban would have significantly decreased
tributary phosphorus loads. The analysis in this regard is
limited by the availability of adequate data with which to
make long term trend assessments.
5. The present (1974) total loading condition to Lake
Ontario is estimated to be 75,000 pounds/day of total
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The
rel
ati
ve
mag
nit
ude
of these sources is estimated in the present study but
should be more quantitatively defined in future surveillance
programs to develop estimates of the effectiveness of W.Q.A.
load reductions on total tributary loads to Lake Ontario.
In this regard, the following steps may be considered appropriate:
a) Continue to inventory and measure controllable
nutrient discharges to upbasin tributaries.
b) Investigate the effects of sampling frequency and
number of tributaries sampled on tributary load
estimates.
c) Explore statistical aggregation methods to develop
reliable estimates of the total mean annual
tributary nutrient load to Lake Ontario as well as
the variance of that load.
d) Initiate efforts to explore the magnitude and
potential for control of non—point source nutrient
loads within the Lake Ontario Basin.
7. The study presents estimates of inputs to Lake Erie
which reflect extreme loading conditions. These include
estimates of high (95%) and low (5%) Lake Erie loadings, and
estimates of phosphorus inputs from atmospheric and sediment
sources. The high and low Niagara River loads are conditions
which are properly viewed as short term load anomalies which
probably would not persist for more than 10 years. Long
xi
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TABLE 2
W.Q.A. LOAD COMPARISON
  
Loading Condition Total Load (#/day)
W.Q.A. Mass Loading 16,300
W.Q.A. load- 1 mg P/l 7,400”)
Technologically feasible
load (0.1 mg P/l) 740(1)
(1)
Under present population
9. Lake 1 simulations utilizing a set of reasonable
model kinetics indicate that the peak phytoplankton
concentrations presently observed in Lake Ontario are not in
equilibrium with the present nutrient loadings to the Lake.
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13. The study results indicate a high degree of
variability in a number of factors which influence biomass
levels in Lake Ontario. These include short and long term
Niagara River and tributary load variability, hydraulic
variations, and temperature variations. In aggregate these
factors contribute to the variability of presently observed
peak phytoplankton concentrations and those that might be
expected under the W.Q.A. load reductions. Various Lake 1
simulations showed that the variability in peak biomass
levels in Lake Ontario under W.Q.A. load reduction ranges
from 1-4 ug/l for any single factor mentioned above, and
will probably be greater for a combination of random variations
in Lake Ontario inputs.
14. The analysis results show that there is some
uncertainty that present peak chlorophyll levels will be
maintained under the W.Q.A. load reductions. A ten year
time horizon is used to illustrate this point in this study.
To maintain present levels, one would have to assume that
"optimistic" kinetic conditions prevailed, which as indicated
in
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er
wor
k,
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.
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present conditions. It can also be noted that the
 
 technologically feasible level of 0.1 mg P/l in the effluent
provides a greater degree of assurance that the present
biomass level will be maintained. On the basis of this
analysis it would appear that a 2,000 to 3,000 pound/day
reduction per year is a sound objective to reasonably assure
the maintenance of present conditions.
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CHAPTER I
INTRODUCTION
A. Objectives and Scope
 
The principal objective of this study is to provide
additional input into the ongoing process of assessing the
effects of nutrient loadings on Lake Ontario water quality.
The assessment of the water quality of Lake Ontario is a
continuing responsibility of the International Joint Commission
(ISC) as well as its signatory parties. The present study
is intended to develop specific results related to existing
programs of phosphorus reduction to the Lake. The input
from this study is therefore focused on several key areas
related to the water quality assessment: a) an evaluation of
the present (1974) phosphorus and nitrogen loads to Lake
Ontario, b) a compilation and evaluation of historical input
loads from 1967-1974, c) determination of nutrient input
scenarios for simulation purposes including the IJC Water
Quality Agreement loads and d) use of an existing whole lake
thtoplankton model, to analyze and present the results of
long term simulations.
Each of these components of the study is directed
therefore to providing additional information on the present
 sta
tus
of
inp
ut
nut
rie
nt
loa
ds
as
wel
l a
s o
n t
he
pos
sib
le
ran
ge
of
res
pon
ses
tha
t m
igh
t b
e e
xpe
cte
d u
nde
r d
iff
ere
nt
fut
ure
sce
nar
ios
of
inp
ut
con
dit
ion
s.
It
sho
uld
be
str
ess
ed
tha
t t
he
res
ult
s p
res
ent
ed
her
ein
are
in
no
way
int
end
ed
to
be
pre
dic
tio
ns
of
act
ual
fut
ure
phy
top
lan
kto
n b
iom
ass
in
Lak
e O
nta
rio
.
Rat
her
, t
he
res
ult
s a
re
ind
ica
tio
ns
of
tre
nds
and ranges only and are to be viewed as part of a planning
process in contrast to formal predictions of events.
The scope of the present study therefore, includes the
utilization of a) an existing analysis tool, (the whole lake
phytoplankton model), b) an existing data base on input
nutrient loads and c) reasonable estimates of future levels
of inputs under existing agreements. The preceding three
items are considered as given for purposes of this study
although, as will be noted at several points throughout the
report, some discussion is appropriate on the utility of
each of these main components of the study. The geographical
scope of the study, by virtue of the analysis tool at hand,
includes the main lake portion of Lake Ontario and is not
directed towards describing water quality responses in the
near—shore (within 10 km) region. Finally, the study scope
does include the interaction of the key nutrients of nitrogen
and phosphorus with phytoplankton biomass measured by
chlorophyll 'a', but does not assess impacts on the attached
algae such as claclophora.
 The
principal
indicator
then
of
the
effects
of
nutrient
discharges
to
Lake
Ontario
is
the
phytoplankton
chlorophyll.
From
a
water
quality
point
of
view,
this
variable
is
of
significant
interest
since
under
"high"
concentrations
of
chlorophyll,
various
water
use
interferences
may
occur,
including
ecological
shifts
to
undesirable
phytoplankton
species
and
production
of
undesirable
phytoplankton
blooms.
One
of
the
additional
purposes
of
this
study
therefore
is
to
provide
a
"baseline"
or
a
departure
point
from
which
potential
future
objectives
of
phytoplankton
chlorophyll
can
be
measured.
In
other
words,
the
measure
of
the
effectiveness
of
a
nutrient
control
program
ultimately
has
to
be
in
terms
of
some
measure
of
plant
biomass,
ideally
at
the
species
level.
Failing
that
however,
and
recognizing
the
overall
management
problem,
phytoplankton
biomass,
as
measured
by
the
chlorophyll
'a'
content
appears
to
be
a
useful
water
quality
variable
at
this time.
B. Previous Work and Study Framework
As indicated,
this study is accepting work that has
previously
been
performed,
principally
a mathematical
model
of
phytoplankton
dynamics
for
the
open
lake
water
and
input
load
information
generated
by
a number
of
agencies
and
individuals.
The
latter
data
base
is
resident
in
a variety
of reports
and
documents
throughout
the
basin
community
and
 in the relevant sections below, detailed references are
given for all published and unpublished work. The mathematical
model, called Lake 1, is presently resident among other
places at the New York University Courant Institute of
Mathematical Sciences on a CDC 6600 computer and has been
discussed and documented elsewhere(l).
The basic framework, therefore, of the study incorporates
existing nutrient load information for use by a whole lake
model. Figure 1 shows in a schematic fashion, the principal
components of the assessment framework. The nutrient inputs
are COnsidered in three broad settings with additional
breakdowns for the lake inputs.
The input components are
considered as:
1) Inputs from Lake Erie
2) Inputs to Niagara River
3) Inputs to Lake Ontario
a) Municipal - Direct to Lake and to tributaries
to Lake
b) Non—point tributaries
0) Industrial
d) Atmospheric
e) Sediment
Each
of
these
components
is
discussed
in
some
detail
below.
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The
Lake
1
model;
as
indicated
in
Figure
1—1,
is
a
well—
mixed
model
horizontally
but
is
composed
of
two
layers;
one
of
17
meters
depth
representing
the
epilimnion
and
one
of
73
meters
depth
representing
the
hypolimnion.
The
Lake
is
well-mixed
vertically
until
about
mid-May,
vertical
stratification
then
commences
in
the
model
until
mid—
September
when
the
Lake
model
overturns
and
becomes
well-
mixed
again
until
the
following
spring.
The
variables
included in the model are:
l)
Phytoplankton
chlorophyll
'a'
2)
Non—living
organic
nitrogen
3) Ammonia nitrogen
4) Nitrate nitrogen
5)
Non—living
organic
phosphorus
6)
Dissolved
"available"
phosphorus
7)
Herbevorous
zooplankton
carbon
8)
Carnevorous
zooplankton
carbon
These
va
r
i
a
b
l
e
s
are
linked
a
c
c
o
r
d
i
n
g
to
e
q
ua
t
i
o
n
s
fully
d
e
s
c
r
i
b
e
d
in
(1).
In
a
d
d
i
t
i
o
n
to
the
i
n
p
u
t
s
o
f
n
i
t
r
o
g
e
n
a
n
d
p
h
o
s
p
h
o
r
u
s
f
o
r
m
s
,
s
o
l
a
r
r
a
d
i
a
t
i
o
n
,
w
a
t
e
r
t
e
m
p
e
r
a
t
u
r
e
a
n
d
a
v
a
r
i
e
t
y
o
f
m
o
d
e
l
p
a
r
a
m
e
t
e
r
s
m
u
s
t
b
e
i
n
c
l
u
d
e
d
.
A
f
u
r
t
h
e
r
d
e
s
c
r
i
p
t
i
o
n
o
f
t
h
e
L
a
k
e
1
m
o
d
e
l
a
n
d
i
t
s
p
r
e
s
e
n
t
d
e
g
r
e
e
o
f
v
e
r
i
f
i
c
a
t
i
o
n
a
n
d
c
r
e
d
i
b
i
l
i
t
y
i
s
g
i
v
e
n
i
n
C
h
a
p
t
e
r
I
V
.
T
h
e
 
following
Sections
generally
proceed
along
the
framework
illustrated
in
Figure
l
and
reflect
the
basic
tasks
of
the
study:
Evaluate
present
phosphorus
and
nitrogen
loads
Compile
and
Evaluate
1967—1974
loads
Review
existing
agreements
in
load
reduction
and develop load scenarios
Prepare
input
data
for
Lake
1
model
similation
Analyze
and
reduce
results
from
simulations
Prepare
conclusions
and
recommendations.
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CHAPTER II
EVALUATION OF PRESENT AND HISTORIC NUTRIENT
LOADINGS TO LAKE ONTARIO
The first element of the study program is a detailed
evaluation of present and historic phosphorus and nitrogen
inputs to Lake Ontario. "Historic" in this case refers to
the interval 1967 to 1974, the period for which data are
available. This task focuses on evaluating data from numerous
published and unpublished sources made available by:
International Joint Commission
Ontario Ministry of the Environment
. U.S. Environmental Protection Agency
. Canadian Center for Inland Waters
. United States Geological Survey
New York State Department of Environmental
Conservation
Information contained in these sources includes data listings,
summary data reports and published estimates of nutrient
loads to Lake Ontario. This chapter of the report discusses
the methods and results of detailed analyses of these data
according to the following sequence:
 
   
A. Inputs from Lake Erie
B. Tributary Inputs
C. Municipal/Industrial Inputs
D. Atmospheric Inputs
E. Sediment Inputs
A. Inputs From Lake Erie
Nutrient loads from Lake Erie constitute a large
portion of the total loading to Lake Ontario. For example,
it was estimated that in 1967 about 33% of the total phosphorus
input introduced to Lake Ontario originated in the outflow
from Lake Erie(l). Under the conditions of the U.S. — Canada
Water Quality Agreement (discussed more fully in Chapter
III) the Lake Erie input will constitute about 48% of the
total load and therefore, will assume considerably more
(2), and ultimately
importance relative to lakewide loadings
phytoplankton biomass levels. This section describes factors
affecting the magnitude of the Lake Erie nutrient load, and
presents trend analyses developed to describe its variability.
1. Lake Erie Load Variability
The Lake Erie nutrient load was estimated at 25,000
lbs/day of total phosphorus and 435,000 lbs/day of total
nitrogen in 1967, and demonstrates a high degree of variability,
a large part of which is attributed to Niagara River flow
(or flow fromLake Erie) variation(3). All values of
-10-
phosphorus and nitrogen are as phosphorus and nitrogen
respectively. About 70% of the time, the average annual
Niagara River flow is between about 180,000 to 220,000 cfs
or a range of 40,000 cfs(3).
The variation of nutrient concentration also contributes
to load variability, Figure II-l shows that there is no
clear trend in phosphorus concentration data from the Upper
Niagara River on a long term basis, and that the annual mean
concentrations vary considerably from year to year. The
indicated within year variability reflects both seasonal
variations and lateral variation across the Niagara River
channel. The seasonal variability results from sampling
variability as well as complex (and largely undefined)
physical, chemical and biological processes. Figure 11-2
shows thelarge lateral variability for the Niagara River
and is believed to be principally the result of wastewater
discharges from the Lackawana-Buffalo metropolitan area.
2. Loads from the Niagara River Basin
As the Niagara River flows downstream toward Lake
Ontario, it receives nutrient discharges from a number of
communities and industrial sources. As mentioned earlier,
the phosphorus concentration at the Upper Niagara River does
not show any significant trend from year to year during the
last ten years. It is informative to compare the upper
_ 11 _
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Buffalo's wastewaters is apparent in this figure.
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TABLE II-l
ME
AN
AN
NU
AL
PH
OS
PH
OR
US
AN
D
NI
TR
OG
EN
(E
?N
CE
NT
RA
TI
ON
S
IN THE NIAGARA RIVER
Upper Niagara River
ME
AN
i
1
ST
AN
DA
RD
ER
RO
R
Le
ve
l
19
67
—1
97
0
19
71
-1
97
4
‘t'
Si
gn
ig
ic
an
ce
To
ta
l
P
0.
02
6
t
0.
00
8
0.
02
5
t
0.
00
6
1.
82
5
7%
To
ta
l
N
0.
42
5
:
0.
11
1
0.
44
4
i
0.
17
6
0.
35
7
10
%
Lower Niagara River
ME
AN
i
1
ST
AN
DA
RD
ER
RO
R
Lg‘
f’e
l
19
67
—1
97
0
19
71
-1
97
4
't'
Si
gn
if
ic
an
ce
To
ta
l
P
0.
04
1
i
0.
01
1
0.
03
4
t
0.
00
5
3.
59
7
0.
1%
To
ta
l
N
0.
52
0
1
0.
09
5
0.
43
2
t
0.
12
2
2.
36
1
3%
(1)Based on E.P.A. STORET data
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s
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t
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os
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loa
d
fr
om
Lak
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m 1
967
to
197
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oad
(26
,30
0
lbs
/da
y)
spe
cif
ied
in
the
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Qua
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y A
gre
eme
nt
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Thi
s d
iff
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nce
is
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ge
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ult
of
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h N
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Riv
er
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m L
ake
Eri
e i
n r
ece
nt
yea
rs,
par
tic
ula
rly
since 1971. For this reason, the reduction of phosphorus
load from the Niagara River to Lake Ontario due to the
phosphate-detergent ban is not immediately apparent. However,
comparison of phosphorus loadings from the Niagara River
basin before and after the ban indicate a load reduction of
_ 16 _
  
about
5,400
lbs/day
which
is
in
line
with
the
reported
phosphorus
reduction
of
3,500
lbs/day
for
the
Buffalo
area
 
alone(4).
TABLE II-2
MEAN
PHOSPHORUS
LOADING
TO
THE
NIAGARA
RIVER(1)
1967-1970 1971-1974
Lake Erie
(Upper Niagara River)
29,000
31,300
Niagara River basin
16,680
11,300
Niagara River to Lake Ontario 45,680 42,600
(1)
Using concentration data from STORET and discharge
data from U.S. Geological Survey
3. Independence of Niagara River Flow and Nutrient
Concentration
The relationship between tributary flow and nutrient
concentration is important in determining long term average
nutrient loads. The observed relationships of nutrient
concentration to Niagara River flow are presented in Figure
II—4. The display presents data from the Ministry of
Environment (M.O.E.), Ontario. The mean concentration and
mean flow are indicated in the Figure.
Total phosphorus, organic nitrogen, and ammonia are
apparently independent of, or at least, not significantly
correlated with river flow. The hypothesis that total
phosphorus and flow are uncorrelated was tested in the
-17-
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present study.
The test procedure was to develop the
simple correlation coefficient between Log flow and Log
total phosphorus concentration for data collected at the
Lake Erie outlet. The 95% confidence bands for a zero
correlation coefficient and a sample size of 44 observations
was determined to be 0.30 from "Tables Of The Ordinates
And Probability Integral Of The Distribution Of The Correlation
Coefficient In Small Samples"(15). The computed sample
correlation coefficient, 0.226, when compared to that
number indicates that the sample correlation coefficient
is not significantly differentfrom zero. Therefore, the
logs of the two variables may be considered to be uncorrelated
and independent.
Similar analyses were developed for four other tributaries
to Lake Ontario. The analysis results show that Log flow
and Log total phosphorus concentration are uncorrelated
for the Genesee, Oswego, Black and Trent Rivers.
Nitrate and nitrite nitrogen appears to increase as
Niagara River flows increase. However, an explanation for
this relationship was notdeveloped from the available data
base. One should note that M.O.E. data are collected in a
limited seasonal time span, the period from May to September
so that the data obviously reflects seasonal temperature
effects and are biased to source extent.
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Inputs for the Lake 1 Model calculations require estimates
of each nutrient component including that contained in the
phytoplankton and zooplankton biomass. However, biological
data collected at the Upper Niagara River are very limited
and incomplete. The only reported chlorophyll 'a' data at
this location are from the Ontario Ministry of Environment(4)
(1972). The average chlorophyll 'a' concentration in 1972
is 1.76 ug/l with a standard deviation of 0.98 ug/l. Data
(6,7)
files from other sources were also examined . A summary
of phytoplankton biomass data is presented in Table II-3.
-20-
 .
—
—
—
_
—
_
_
_
_
.
.
_
—
_
_
—
-
—
—
—
—
—
_
—
—
—
—
-
—
—
—
TABLE II-3
AVERAGE
PHYTOPLANKTON
BIOMASS
AT
THE
UPPER
NIAGARA
RIVER
Phytoplankton
Unit
Data
Source
Period
1.76
ug
Chl
'a'/l
Ontario
M.O.E.(4)
1972
415.8
cell/ml
STORET“)
1961-1972
220.3
cell/ml
STORET(6)
1959—1972
1274
cell/ml
USGS (7)
1973
1414
cell/ml
uses (7)
1974
In
the
present
study,
the
chlorophyll
'a'
concentration
data
from M.O.E.
is used in estimating the Lake Erie nutrient
loads associated with phytoplankton biomass.
Data on zooplankton biomass are very limited.
Total
zooplankton biomass is not available because counts from
individual groups of zooplankton are incomplete in STORET
data files.
Traditionally, there are three methods used in loading
calculations(8). These are (1) product of the mean
concentration and mean flow, (2) average of the product of
instantaneous concentration and flow, and (3) same as (2)
with scaling of the averages according to the ratio of
 
instantaneous flow to average flow. In the present study,
nutrient loads are calculated by the first method using the
_ 21 -
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 and standard deviations of load estimates made using
Equations II—l and II-2, with those made using Equations
II-3 and II-4.
COMPARISON OF LAKE ERIE TOTAL PHOSPHORUS LOADS
CALCULATED BY TWO LOAD ESTIMATION METHODS
(POUNDS/DAY i l STD. DEV.)
  
gear I.J.C. Method Present Study
1967 19,774 i 4,145 19,508 r 4,142
1968 22,169 i 11,156 21,762 1 10,898
1969 29,676 : 2,467 29,875 i 2,383
1970 35,024 i 5,439 34,403 i 5,608
1971 23,721 1 2,421 23,154 i 2,287
1972 36,702 i 5,291 36,664 i 4,933
The annual loadings for the period 1967—1972 are computed
using the measure flow and total phosphorus concentrations
for all samples collected within each year. The results
indicate that both methods yield results which are
indistinguishable.
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 on concentrations and the measured within year statistics
for flow, in Equation II—2. The comparison which is indicated
in Figure II-4B shows that the difference in loading estimates
between the two methods is generally small. The overlap
between estimates as indicated by the i 1 standard deviation
range suggests that the estimates are the same within the
accuracy of the analysis. A comparison of the tributary total
phosphorus loads calculated by both methods is also shown in
the display.
Chlorophyll 'a' inputs from Lake Erie are calculated
using Ontario M.O.E. data (Table II-3). The zooplankton
carbon concentration is assumed to be 0.025 mg/l in the
calculation of zooplankton biomass related nutrient inputs.
Table II—4 and Figure II-5 summarize the nutrient loads
from Lake Erie from 1967 to 1974. Data sources used in
constructing this loading matrix are indicated.
As shown and discussed previously, there is no clear
trend in the phosphorus and nitrogen loadings from Lake Erie
and the fluctuation in mass input is directly relatedto the
Niagara River flow variability. Also, it can be seen that
the Lake Erie load has been above the load of 26,300 pounds/day
given in the W.Q.A. for each of the eight years during the
period 1967 to 1974.
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B. Loads from Tributaries
Nutrient loads from tributaries other than the Niagara
River represent about 20% of the total phosphorus and nitrogen
inputs to Lake Ontario(l). The five major tributaries are
the Oswego River, Twelve Mile Creek, the Genesee River, the
Black River, and the Trent River. These tributaries were
previously reported to account for over 60% of the total
nutrient loads to Lake Ontario from tributary sources(l).
Table II—5 summarizes the drainage area, mean discharge, and
the total Lake Ontario nutrient load discharged by each of
these five major tributaries.
TABLE II-5
MAJOR TRIBUTARIES TO LAKE ONTARIO(1)
Mean Total Total
Drainage2 Flow Phosphorus Nitrogen
Stream Area (mi ) (cfs) #/day (%) #/day (%)
Oswego River (US) 5,121 6,200 3,400 22 35,200 18
Genesse River (US) 2,457 2,700 1,700 11 36,200 19
Black River (US) 1,876 3,800 1,000 7 16,100 8
Twelve Mile Creek
-
6,400
3,340
21
43,700
23
(Can.)
Trent River
(Can.)
4,900
4,200
820
_5
14,400
_§
10,260 65 145,600 76
All
other
tributaries
5,340
34
45,400
24
TOTAL
15,600
100
191,000
100
IJC
Annual
Report
1969
(Reference
1)
 A
point
in
question
in
the
present
study
is
the
degree
to
which
the
discharge
from
the
Trent
River
is
a
loading
to
Lake
Ontario.
Inspection
of
maps
of
Lake
Ontario
indicate
that
the
Trent
River
discharges
to
the
Bay
of
Quinte
which
has
its
major
outlet
near
the
St.
Lawrence
River.
Analyses
presented
in
the
report
consider
the
Trent
River
as
a
discharge
to
Lake
Ontario
even
though
the
hypothesis
has
been
raised
that
the
Bay
of
Quinte
discharge
might
move
along
the
shore
line into the St. Lawrence River.
In any event the Table indicates
that the nutrient load is a small portion of the total tributary
load and is only about 1 percent of the total Lake Ontario
loading. 9
1. Relationship between Nutrient Concentration and
Flow
Concentration flow relationships for four major
tributaries (the Genesee, Black, Oswego, and Trent Rivers)
are evaluated. Figures II-6 to 11-13 display the concentration
discharge relationships in the Genesee and Trent rivers as
illustrations of these analysis. Data files from the New
York Department of Environmental Conservation and the Ontario
Ministry of Environment are used in this analysis. Mean
concentration and mean flow are indicated by arrows on the
plots. The displays indicate that total phosphorus and
nitrogen components are generally independent of the flow.
The only exceptions in the four rivers analyzed are nitrate-
-31—
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RELATIONSHIP BETWEEN TOTAL PHOSPHORUS
AND FLOW FOR GENESEE RIVER
( I968“ I 974 )
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up
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54
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d
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r
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e
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e
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ra
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e
to
ta
l
ni
tr
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to
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ke
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om
19
67
to
19
74
ar
e
displayed in Figure II-l4.
TABLE
II-6
DIRECT NUTRIENT INPUTS FROM TRIBUTARIES IN LBS/DAY
1967(1)
1968(2)
1969(2)
1970(2)
1971(2)
1972(3)
1973(2)
1974(2)
Ortho-P
3,800
4,600
4,800
5,000
5,000
5,500
4,800
3,200
Organic P
11,800
14,100
14,800
15,200
15,200
16,800
14,800
9,800
Total P
15,600
18,700
19,600
20,200
20,200
22,300
19,600 13,000
Organic-N
76,400
101,000
104,800
106,700
106,000
191,400
118,900
56,300
Ammonia-N
27,600
49,800
52,000
53,100
52,900
32,400
59,100
39,000
Nitrate &
87,000
65,700
70,800
71,100
70,400
102,500
80,600
72,400
Nitrite-N
Total N
191,000 216,500
227,600
230,900
229,300
224,900
258,600
167,700
Data Sources:
 
(1)1969 IJC Report
(2)New York
Department
of
Environmental
Conservation
and
Ontario
Ministry
of
Environment
(3)Casey and Salbach (1974)
 
      
(9
T
O
T
A
L
P
H
O
S
P
H
O
R
U
S
Z
(P
RE
SE
NT
ST
UD
Y)
0 4O -
3
-J ;
w ‘o‘
3 \ 3O -
m .
o (D
m
I .J
%
O
8
2
0
M
Ic>
o. _
_I
< I O -
I...
O
'—
0
I
I
l
l
I
l
I
I
I96
7
I96
8
I96
9
I97
0
I97I
I97
2
I97
3
I97
4
YEAR
500
TOTAL NITROGEN
0 (PRESENT STUDY)
Z 400—
2 A
>.
3 E.‘
z \. 300 —
Lu 0')
(9 m
8 .J
t 8 200—
Z 2
__l V
S
l,—
o I l l l l l I J
I967 I968 |969 I970 I97I I972 I973 I974
YEAR
MEAN NUTRIENT INPUT FROM
DIRECT TRIBUTARY DISCHARGES TO LAKE ONTARIO
(I967-l974)
1A
s
i
s
t
h
e
c
a
s
e
w
i
t
h
a
l
l
l
o
a
d
i
n
g
e
s
t
i
m
a
t
e
s
,
a
r
e
s
u
b
j
e
c
t
t
o
a
w
i
d
e
v
a
r
i
a
b
i
l
i
t
y
d
u
e
t
o
t
h
e
s
t
r
u
c
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p
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c
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P
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s
h
o
u
l
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b
e
d
e
v
e
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p
e
d
to
d
e
f
i
n
e
m
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h
o
d
s
b
y
w
h
i
c
h
f
u
t
u
r
e
e
s
t
i
m
a
t
e
s
of
n
u
t
r
i
e
n
t
l
o
a
d
i
n
g
s
t
o
L
a
k
e
O
n
t
a
r
i
o
f
r
o
m
t
r
i
b
u
t
a
r
y
s
o
u
r
c
e
s
a
r
e
c
a
l
c
u
l
a
t
e
d
.
Such
methods,
should
attempt
to
answer
questions
regarding
load
v
a
r
i
a
b
i
l
i
t
y
as
well
as
the
breakdown
of
the
total
load
into
controllable
and
uncontrollable
portions.
Further
comments
in
this
regard
are
contained
in
the
study
conclusions.
C.
Loads
from
Municipal
and
Industrial
Sources
Direct
municipal
and
industrial
discharges
contributed
about
22%
of
the
total
phosphorus
and
8%
of
the
total
nitrogen
inputs into Lake Ontario in 1967(1).
Nutrient inputs from
industries are small when compared with municipal inputs.
The principal sources of municipal effluents are metropolitan
Toronto, Rochester, and Hamilton. In addition, there is a
Significant discharge of municipal effluents to tributaries
to Lake Ontario but the magnitude of this discharge has not
b
e
e
n
r
e
p
o
r
t
e
d
.
1. Method for Estimating the Municipal Loads
Municipal phosphorus loadings are calculated from the
Sewered population and the per capita contribution of nutrient
-43—
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T
h
e
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o
t
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l
m
u
n
i
c
i
p
a
l
p
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d
f
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i
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a
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g
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b
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n
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c
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u
l
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t
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to
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14
,2
70
lb
s/
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y
(u
si
ng
a
se
we
re
d
p
o
p
ul
a
t
i
o
n
of
1.
38
mi
ll
io
n)
.
Co
ns
id
er
in
g
so
me
ad
di
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on
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nt
ri
bu
ti
on
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om
in
du
st
ri
es
,
la
nd
dr
ai
na
ge
,
an
d
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n-
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in
t
so
ur
ce
s,
th
is
fi
gu
re
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mp
ar
es
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vo
ra
bl
y
wi
th
16
,6
80
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s/
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y
in
Ta
bl
e
II
—Z
.
A
si
mi
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r
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mp
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ed
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r
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e
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st
—b
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pe
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(i
.e
.,
8,
80
0
lb
s/
da
y
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.
11
,3
00
lb
s/
da
y)
.
An
or
th
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ho
sp
ho
ru
s
to
to
ta
l
ph
os
ph
or
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ra
ti
o
of
0.
69
is
(8). This
de
ve
lo
pe
d
fr
om
da
ta
pr
es
en
te
d
by
Ca
se
y
an
d
Sa
lb
ac
h
ra
ti
o
is
us
ed
in
ca
lc
ul
at
in
g
th
e
in
or
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ni
c
ph
os
ph
or
us
lo
ad
s
fr
om
mu
ni
ci
pa
l
wa
st
es
.
Th
is
ra
ti
o
is
co
ns
is
te
nt
wi
th
li
te
ra
tu
re
va
lu
es
re
po
rt
ed
el
se
wh
er
e(
10
).
Fu
rt
he
r
re
du
ct
io
n
of
mu
ni
ci
pa
l
ph
os
ph
or
us
lo
ad
in
gs
is
ex
pe
ct
ed
wh
en
ph
os
ph
or
us
re
mo
va
l
fa
ci
li
ti
es
at
ma
jo
r
mu
ni
ci
pa
l
treatment plants are completed.
Mun
ic
ip
al
loa
din
gs
to
tri
but
ari
es
to
Lak
e
On
ta
ri
o
are
tre
ate
d
as
co
nt
ro
la
bl
e
loa
din
gs
in
the
co
nt
ext
of
the
pr
es
en
t
stu
dy.
An
ini
tia
l e
sti
mat
e o
f t
he
mag
nit
ude
of
thi
s l
oad
was
dev
elo
ped
by
ass
umi
ng
tha
t t
he
mun
ici
pal
loa
d a
cco
unt
s
for 25 percent of the total tributary load. This estimate
- 44_—
    
was
tested
by
back
calculating
the
population
equivelant of
this
load
assuming
a 120
gallon
per
capita
flow
and
an
average
phosphorus
concentration
of
3.0 mg
P/l.
On
this
basis the loading was determined to be a good estimator of
total municipal nutrient inputs entering Lake Onatario on an
annual basis.
2. Load Variability
A decreasing trend in municipal phosphorus loads has
been observed in the Great Lakes basin and elsewhere following
the phosphate-detergent ban and significant decreases in
phosphorus concentration in municipal wastes has been reported
since 1971(4'10).
A decrease in per capita phosphorus
loadings in municipal wastewater were reduced by 50—60
percent in four cities for which data are available and a 60
per
cen
t r
edu
cti
on
is
rep
ort
ed
at
Buf
fal
o.
Som
e r
epo
rte
d
results are summarized in Table 11—7.
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TABLE II-7
PHOSPHORUS REDUCTIONS IN MUNICIPAL INFLUENTS/EFFLUENTS
Before After
Area Units Ban Ban References
Buffalo, N.Y. Total P mg/l 5.5 2.2 Hopson (1975)
Lackawanna, N.Y.(3) Total P mg/l 7.6 2.6 Hopson (1975)
Checktowaga(3) Total P mg/l 10.4 3.8 Hopson (1975)
Albany, N.Y.(3) Total P lbs/cap/yr 3.2 1.6 Hetling (1973)
3.7”) 2.2(2)Lake Ontario Basin Total P lbs/cap/yr Present study
(1)
(2)
(3)
1969 IJC Annual Report — P load/pop.
Casey and Salback — P load/pop.
Out of Basin, Included for Basic Data Purposes Only
3. Industrial Sources
Nutrient inputs from industrial sources are difficult
to estimate because of their high degree of variability.
The 1969 IJC report(l) documents nutrient loads from individual
industries including discharge volumes, treatment, and the
nutrient loading rates. Overall, industrial phosphorus
inputs constituted a minor portion (1.3%) of the total
phosphorus inputs to the lake. A recent IJC report (1974)
indicates a slight reduction of phosphorus loads from
(11)
industries
  
A
4
'
—
x
w
*
e
_
~
m
;
~
r
-
—
~
‘
  
 The
nitrogen
discharge
from
industrial
sources
was
reported
to
be
97,300
lbs/day
in
1967(1).
However,
Casey
and
Salbach(8)
estimated
it
to
be
about
20,300
lbs/day
in
1972.
This apparent load reduction,
while questionable,
is responsible for the decrease in municipal and industrial
loads shown in Figure II-lS.
The phosphorus load composition is calculated using the
proportions reported by Casey and Salbach. According to the
(l)
IJC report , 90% of the total nitrogen loading from
industries is from steel mills. Since 95% of that loading is
expected to be ammonia(2)
, the following industry—wide
approximation is used: 90% ammonia, 5% organic nitrogen,
and 5% nitrite—nitrate.
A tabular summary of estimated municipal and industrial
nutrient loads to Lake Ontario for the period 1967 to 1974
is contained in Table 11-8 and Figure II-15.
D. Other Sources
IJC estimated about 9,900 lbs/day of phosphorus and
137,000 lbs/day of nitrogen input to Lake Ontario from
precipitation and dry fallout(l). In a recent study, Shiomi
and Kuntz(l3) reported a loading rate of 4,250 lbs/day of
atmospheric phosphorus to the lake. Ammonia and nitrate-
nitrite inputs were estimated to be about 66,000 lbs/day and
70,000 lbs/day respectively. Variations of precipitation
- 47 _
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TABLE II-8
DIRECT NUTRIENT INPUTS FROM MUNICIPAL AND INDUSTRIAL SOURCES IN LBS/DAY
1967(1) 1968(2)
1969(2) 1970(2) 1971(2) 1972(3)
1973(2)
1974(2)
Ortho—P
11,350
20,050
21,440
20,750
17,300
15,250
10,400
8,200
Organic P
5,850
9,450
10,560
10,250
8,700
8,550
5,900
4,300
Total P 17,200
29,500
32,000
31,000
26,000 23,800
16,300
12,500
Organic-N
21,850
22,500
23,400
24,400
25,300
22,900
24,000
24,900
Ammonia—N
139,000 155,300 138,200 141,100 144,100
84,000'
87,300
90,200
Nitrate &
9,050
8,900
9,300
9,500
9,800
6,600
6,900
7,100
Nitrite—N
Total N
169,900 166,700 170,900 175,000 179,200 113,600 118,300 122,300
Data Sources:
(1)1969 IJC Report
(2)0ntario Ministry of Environment
(3)Casey and Salbach (1974)
   
 
inputs from year to year are expected but there is no data
available in this regard.
Another potentially important source of phosphorus is
the sediments. Attention has been directed to this source
of phosphorus during the past 10 years because of growing
concern over eutrophication control in the Lower Great
Lakes. Bannerman et. al.(l4)
, experimentally determined the
inorganic phosphorus flux across the sediment water interface
in Lake Ontario to be about 8,500 lbs/day. Other independent
documentation of this flux, and the availability of the
released phosphorus forms for algal growth are not conclusive
at this time. In any case, this sediment release is a potential
internal nutrient sources which would remain after controllable
point source control is implemented. Table II¢9 summarizes
the atmospheric and sediment loadings to Lake Ontario.
TABLE II-9
OTHER NUTRIENT SOURCES
Nutrient Form Precipitation Sediment Release
Total Phosphorus 4,240 (13) 8,500 ‘1‘”
Inorganic Phosphorus 2,020(l3) 8,500(l4)
Ammonia Nitrogen 66,000(13) —
Nitrate-Nitrite N 70,000(13) —
—._—_—_———————-—-—_—_——————————.—
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E. Summarygof Present and Historic Nutrient Loadings
to Lake Ontario
 
A summary of nutrient loadings developed in the present
study and from other published sources is displayed in Table
11—10. The table is footnoted to indicate the source of
each load, and the method of calculation used in its development.
Present nutrient loads to Lake Ontario are developed
for 1974 which is the most recent year for which an adequate
data base exists. These loadings are then utilized as
initial conditions for model simulations of phytoplankton
productivity under alternative future loading scenarios.
The methods and results described in the previous section
are extended to yield a finer breakdown of the 1974 load
according to six nutrient source categories. These are:
1. Lake Erie Outflow to the Niagara River
. Non-living organic and inorganic nutrient
forms
Living biomass
2. Total uncontrollable tributary loads to Lake Ontario
3. Municipal discharge to:
. Niagara River Basin
. Lake Ontario (direct)
. Tributaries to Lake Ontario
4. Industrial sources (direct to Lake)
5. Atmospheric (phosphorus)
6. Sediment Release (phosphorus)
-51-
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 TA
BL
E
II
—l
O
TOTA
L PH
OSPH
ORUS
LOAD
ING
TO L
AKE
ONTA
RIO
IN L
BS/D
AY
Sourc
e
1967
1968
1969
1970
1971
1972
1973
1974a
1974b
Niagar
a Rive
r
42,200
1 4
0,1003
42,200
3 4
0,5003
41,100
3 4
1,0002
47,400
1 4
6,2003
46,200
Out
let
Trib
utar
ies
15,6
001
18,7
005
19,6
005
20,2
005
20,2
005
22,3
002
19,6
002
13,0
002
16,3
00
Munic
ipal
Direc
t
16,20
01
28,50
0‘+
31,00
0L+
30,00
0L+
25,00
01+
22,00
02
15,00
02
11,80
02
11,80
0
Indus
trial
1,000
1
1,000
9
1,000
9
1,000
9
1,000
9
1,800
2
1,300
2
7002
700
Tota
l
75,0
001
88,3
0010
93,8
0010
91,7
0010
87,3
0010
87,1
002
83,3
002
71,7
0010
75,0
00
aRepo
rted
bPr
ese
nt
Stu
dy
NOTE: Footnotes
appear at the con
clusion of this t
able
 
 TABLE
II-lO
(Co
nti
nue
d)
TOTAL NIT
ROGEN LOA
DING TO L
AKE ONTAR
IO IN LBS
/DAY
Source
1967 1968
1969 1970
1971
Niagara River
522,2001 506,00
03 533,0003 5
11,0003 518,000
3
Ou
tl
et
Tributari
es
191,0001
216,5005
227,6005
230,9005
229,3005
Municipal
(Direct)
72,6001
76,7001+
80,900l+
85,000”
89,200‘+
Industrial
97,3001 90,000
9 90,0009 9
0,0009 90,0009
Total
883,1001
889,20010
931,50010
916,90010
926,50010
aRepo
rted
bPrese
nt Stu
dy
NOTE: Footnotes
appear at the con
clusion of this t
able
1
9
7
2
48
2,
40
06
224,9006
793,3005
20,3006
820,
9006
1973
603,3003
258,6005
98,000l+
20,3009
980,20010
1974a
1974b
550,0
003
595,2
00
167,7
005
326,4
90
102,000‘+
102,000
20,3009
20,200
840,000101,043,890
 
TABLE
II-lO
(Cont
inued
)
ORTHO-PHO
SPHATE PH
OSPHORUS
LOADING T
O LAKE ON
TARIO IN
LBS/DAY
Source
1967
1968
1969,
1970
1971
1972
1973
1974
Niagara R
iver
5,0007
4,7507
5,0107
4,8007
4,9007
4,8007
1 5,5007
4,7007
Ou
tl
et
.
Tributari
es
3,8007
4,6007
4,8007
5,0007
5,0007
5,5007
4,8007
3,2007
Municipal
(Direct)
11,3007
20,0007
21,3907
20,7007
17,2507
15,1607
10,3357
8,1657
Industria
l
507
507
507
507
507
907
657
357
Total
20,15010
29,40010
31,25010
30,55010
27,20010
25,55010
20,70010
16,10010
NOTE: Footnotes appear at the conclusion of this table
  
 TABLE
II—lO
(Continued)
ORGANIC NITROGEN LOADING TO LAKE ONTARIO IN LBS/DAY
Source
1967
1968
1969
1970
1971
1972
1973
1974
Niagara River
356,0007
348,8003
367,3003
352,1003
357,1003
380,0007
416,1003
400,0003
Outlet
5
Tributaries
76,4007
101,0005
104,800
106,7005
106,0005
191.4007
118,9005
56,3005
7
Municipal (Direct)
17,0007
18,0007
18,900
19,9007
20,8007
21,8007
22,9007
23,8007
9
9
9
9
9
Industrial
4,8509
4,5009
4,500
4,5009
4,500
1,100
1,100
1,100
 
Total
454,25010
472,30010
495,50010 483,20010
488,40010
594,30010 559,00010 481,20010
 
NOTE:
Footnotes appear at the conclusion of this table
TABLE II-lO
(Cont
inued
)
AMMONIA LOADING TO LAKE ONTARIO IN LBS/DAY
Source 1967 1968 1969 1970 1971 1972 1973 1974
Niagara River 47,0007 58,0003 61,0003 58,5003 59,3003 40,0007 69,1003 60,0003
Out
let
Tributaries 27,6007 49,8005 52,0005 53,1005 52,9005 32,4007 59,1005 39,0005
 
Municipal (Direct) 51,4007 54,3007 57,2007 60,1007 63,1007 66,0007 69,3007 72,2007
% Industrial 87,6008 81,0008 81,0008 81,0008 81,0008 18,0008 18,0008 18,0008
Total 213,60010 243,10010 251,20010 252,70010 256,30010 156,40010 215,50010 189,20010
NOTE: Footnotes appear at the conclusion of this table
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 TABLE II—lO (continued)
LOADINGS TO LAKE ONTARIO
FOOTNOTES:
l.
10.
Report to the International Joint Commission on the Pollution
of
Lake
Erie,
Lake
Ontario
and
the
St.Lawrence
River,
Vol.3,
1969.
International
Joint
Commission,
Great
Lakes
Water
Quality,
1974 Annual Report.
Lower Niagara River nutrient
inputs calculated from Eq.II-l
using the water quality data from the Ontario Ministry of
Environment and the flow data from the U.S.
Geological Survey.
Canadian direct municipal nutrient inputs are obtained from
the Ontario Ministry of Environment and direct U.S.
inputs
are calculated from the sewered population.
Direct tributary nutrient loadings are calculated from
Eq. II—l using the data from the Ontario Ministry of
Environment and the New York State Department of Environmental
Conservation.
Using estimates from Casey and Salbach (1974).
Estimates are based on the ratios of the nutrient components
to the total nutrient concentrations derived from Casey and
Salbach (1974).
Nitrogen components from industrial sources are approximated
by the following proportion: ammonia (90%), organic nitrogen
(5%), and nitrite-nitrate (5%).
Best estimate--the present study.
Total nutrient inputs are summed from all the nutrient sources.
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c
t
i
o
n
s
a
n
d
p
o
p
u
l
a
t
i
o
n
g
r
o
w
t
h
f
a
c
t
o
r
s
,
a
s
w
e
l
l
a
s
s
h
o
r
t
t
e
r
m
v
a
r
i
a
b
i
l
i
t
y
 
i
n
n
u
t
r
i
e
n
t
l
o
a
d
s
r
e
s
u
l
t
i
n
g
f
r
o
m
t
h
e
n
a
t
u
r
a
l
v
a
r
i
a
b
i
l
i
t
y
o
f
i
n
p
u
t
s
t
o
t
h
e
L
a
k
e
.
T
h
e
p
r
i
m
a
r
y
f
a
c
t
o
r
s
c
o
n
s
i
d
e
r
e
d
i
n
d
e
v
e
l
o
p
i
n
g
l
o
a
d
i
n
g
s
c
e
n
a
r
i
o
s
t
o
L
a
k
e
O
n
t
a
r
i
o
a
r
e
:
1.
P
l
a
n
n
e
d
p
o
i
n
t
s
o
u
r
c
e
r
e
d
u
c
t
i
o
n
s
i
n
p
h
o
s
p
h
o
r
u
s
l
o
a
d
i
n
g
t
o
l
e
v
e
l
s
s
p
e
c
i
f
i
e
d
i
n
t
h
e
W
a
t
e
r
Q
u
a
l
i
t
y
Agreement
2.
T
h
e
i
m
p
l
e
m
e
n
t
a
t
i
o
n
p
e
r
i
o
d
o
v
e
r
w
h
i
c
h
s
u
c
h
l
o
a
d
r
e
d
u
c
t
i
o
n
s
a
r
e
a
c
h
i
e
v
e
d
3.
P
r
o
j
e
c
t
e
d
p
o
p
u
l
a
t
i
o
n
g
r
o
w
t
h
i
n
t
h
e
L
a
k
e
O
n
t
a
r
i
o
 
Basin
4.
V
a
r
i
a
b
i
l
i
t
y
in
n
a
t
u
r
a
l
h
y
d
r
o
l
o
g
i
c
a
n
d
w
a
t
e
r
q
u
a
l
i
t
y
va
r
i
a
b
l
e
s
w
h
i
c
h
e
f
f
e
c
t
th
e
m
a
g
n
i
t
ud
e
of
th
e
t
r
i
b
ut
a
r
y
load
5.
P
h
o
s
p
h
o
r
us
lo
ad
in
gs
e
n
t
e
r
i
n
g
th
e
La
ke
t
h
r
o
ug
h
pr
ec
ip
it
at
io
n
or
se
di
me
nt
re
le
as
e
 
Other
factors
which
could
potentially
alter
the
magnitude
of
Lakewide
nutrient
loads
but
for
which
no
quantitative
estimates
of
loading
trends
have
yet
been
established
are
not
considered
in
the
analysis.
For
example,
nutrient
concentrations in Lakes Erie,
Huron, Michigan and Superior
are
probably
not
in
equilibrium
with
their
present
loadings.
Future loadings to the Niagara River from Lake Erie will
undoubtedly change in the time scale of decades as nutrient
concentrations in the upbasin lakes approach equilibrium
levels. It is not clear how future loadings from Lake Erie
will be affected without more detailed analyses of the Great
Lakes basin which consider long term loading trends, times
to equilibrium, and nutrient retention in those lakes.
Another factor not considered in the present description of
future loads is changes in land use patterns in the Lake
Ontario Basin. An adequate basis for describing nutrient
loadings due to future development does not exist at this
time.
An earlier study also included some computations of the
LAKE 1 Model response under different load inputs(l), but
assumed that all load reductions would be instantaneous, a
quite unrealistic assumption. In this study, therefore, a
more realistic schedule of load reductions over 10 and 20
year periods are assumed and associated phytoplankton responses
were computed.
 
 T
h
e
d
i
s
c
u
s
s
i
o
n
o
f
n
u
t
r
i
e
n
t
l
o
a
d
i
n
g
s
t
o
L
a
k
e
O
n
t
a
r
i
o
w
h
i
c
h
i
s
p
r
e
s
e
n
t
e
d
i
n
t
h
i
s
c
h
a
p
t
e
r
i
s
c
o
n
v
e
n
i
e
n
t
l
y
v
i
e
w
e
d
i
n
t
e
r
m
s
o
f
f
o
u
r
m
a
j
o
r
l
o
a
d
i
n
g
c
o
m
p
o
n
e
n
t
s
d
i
s
c
u
s
s
e
d
i
n
C
h
a
p
t
e
r
I
I
.
T
h
e
s
e
a
r
e
l
o
a
d
i
n
g
s
f
r
o
m
:
1. Lake Erie;
2.
T
r
i
b
u
t
a
r
i
e
s
t
o
L
a
k
e
O
n
t
a
r
i
o
;
3.
M
u
n
i
c
i
p
a
l
a
n
d
I
n
d
u
s
t
r
i
a
l
p
o
i
n
t
s
o
u
r
c
e
s
;
4.
P
h
o
s
p
h
o
r
u
s
l
o
a
d
i
n
g
s
f
r
o
m
a
t
m
o
s
p
h
e
r
i
c
s
o
u
r
c
e
s
a
n
d
sediment release.
W
i
t
h
i
n
t
h
e
c
o
n
t
e
x
t
o
f
t
h
i
s
s
t
u
d
y
l
o
a
d
i
n
g
s
f
r
o
m
L
a
k
e
E
r
i
e
,
p
e
r
c
i
p
i
t
a
t
i
o
n
a
n
d
s
e
d
i
m
e
n
t
r
e
l
e
a
s
e
a
r
e
v
i
e
w
e
d
a
s
u
n
c
o
n
t
r
o
l
a
b
l
e
s
o
u
r
c
e
s
,
t
h
a
t
is
s
o
u
r
c
e
s
t
h
a
t
w
i
l
l
n
o
t
b
e
i
n
f
l
u
e
n
c
e
d
b
y
m
a
n
m
a
d
e
c
o
n
t
r
o
l
p
r
a
c
t
i
c
e
s
w
i
t
h
i
n
t
h
e
t
i
m
e
s
c
a
l
e
o
f
2
0
t
o
40
y
e
a
r
s
.
T
h
e
a
n
n
u
a
l
L
a
k
e
E
r
i
e
l
o
a
d
i
n
g
i
s
d
o
m
i
n
a
t
e
d
p
r
i
n
c
i
p
a
l
l
y
b
y
v
a
r
i
a
b
i
l
i
t
y
in
h
y
d
r
o
l
o
g
i
c
i
n
p
u
t
s
a
s
d
i
s
c
u
s
s
e
d
e
a
r
l
i
e
r
,
w
h
i
l
e
p
r
e
c
i
p
i
t
a
t
i
o
n
a
n
d
s
e
d
i
m
e
n
t
r
e
l
e
a
s
e
o
f
p
h
o
s
p
h
o
r
u
s
a
r
e
n
a
t
u
r
a
l
o
c
c
u
r
r
i
n
g
b
a
c
k
g
r
o
u
n
d
l
o
a
d
i
n
g
s
d
e
s
c
r
i
b
e
d
b
y
o
t
h
e
r
i
n
v
e
s
t
i
g
a
t
o
r
s
(
2
)
.
O
n
t
h
e
o
t
h
e
r
h
a
n
d
,
m
u
n
i
c
i
p
a
l
a
n
d
i
n
d
u
s
t
r
i
a
l
n
u
t
r
i
e
n
t
di
sc
ha
rg
es
,
an
d
in
pu
ts
f
r
o
m
t
r
i
b
ut
a
r
y
st
re
am
s
ar
e
c
o
n
s
i
d
e
r
e
d
to
be
p
a
r
t
i
a
l
l
y
or
to
ta
ll
y
c
o
n
t
r
o
l
l
a
b
l
e
us
i
n
g
co
nt
ro
l
te
ch
no
lo
gi
es
av
ai
la
bl
e
at
th
e
pr
es
en
t
ti
me
.
Re
mo
va
l
of
ph
os
ph
ro
us
fr
om
mu
ni
ci
pa
l
an
d
in
du
st
ri
al
di
sc
ha
rg
es
is
pr
es
en
tl
y
pr
ac
ti
ca
l
do
wn
to
le
ve
ls
of
1.
0
mg
P/
l
an
d
 technologically
feasible
to
0.1
mg
P/l.
Nitrogen
removal
to
low
levels
is
also
feasible
but
is
not
presently
being
considered
for
control
of
long
term
eutrophication
processes.
That
portion
of
the
tributary
load
associated
with
point
source
discharge
is
assumed
to
be
controllable
and
will
undoubtedly
be
reduced
under
the
provisions
of
the
present
Agreement.
Other
tributary
inputs
associated
with
distributed
loadings
from
agricultural
runoff,
while
controllable,
are
assumed
constant
in
the
analysis.
A. The Lake Erie Nutrient Loading
The
Water
Quality
Agreement
specifies
the
magnitude
of
the
Lake
Erie
phosphorus
loading
to
the
Niagara
River
to
achieve
the
WQA
loads.
This
planned
loading
of
4,800
short
tons
per
year
(26,300
#/day)
is
94%
of
the
28,000
pound/day
mean
annual
load
associated with
the
mean
discharge
from
Lake
Erie
to
the
Niagara
River,
207,000
cfs.
As
discussed
in Chapter III,
the variability in the average annual discharge
from Lake Erie is the principal factor contributing to
variability in the annual nutrient loading from Lake Erie.
For this reason three Lake Erie nutrient
input conditions
are utilized in future laoding scenarios:
. Mean annual Lake Erie input
. High (95%) Lake Erie input
. Low (5%) Lake Erie input
 
  
The
ana
lys
is
of
flo
w
and
nut
ri
en
t
co
nc
en
tr
at
io
n
dat
a
for
the
Ni
ag
ar
a
Riv
er,
pr
es
en
te
d
in
Ch
ap
te
r
II,
pe
rm
it
s
a
qua
nt
it
at
ive
de
sc
ri
pt
io
n
of
the
lon
g
ter
m
va
ri
ab
il
it
y
of
the
Lak
e E
rie
loa
din
g t
hro
ugh
app
lic
ati
on
of
equ
ati
ons
11-
1 a
nd
II—2
.
The
Lak
e E
rie
inp
ut
cha
rac
ter
ist
ics
dev
elo
ped
in
thi
s
man
ner
are
dis
pla
yed
in
Tab
le
III
-l.
The
tab
le
was
dev
elo
ped
fro
m a
n a
nal
ysi
s o
f f
low
and
con
cen
tra
tio
n d
ata
at
the
O.M
.E.
sam
pli
ng
tra
nse
ct
and
the
ST
OR
ET
NET
sta
tio
n
at
the
inl
et
to
the
Nia
gar
a R
ive
r.
Dat
a w
ere
ava
ila
ble
for
tot
al
pho
sph
oru
s,
org
ani
c n
itr
oge
n,
amm
oni
a n
itr
oge
n,
and
nit
rit
e/n
itr
ate
nit
rog
en.
The
tab
le
pre
sen
ts
the
com
put
ed
mea
n a
nnu
al
loa
din
g f
or
eac
h f
orm
as
wel
l
as
the
sta
nda
rd
err
or
of
the
mea
n,
and
the
est
ima
ted
low
(5%
)
and
hig
h
(95
%)
nut
rie
nt
loa
din
g r
ate
s.
As
ind
ica
ted
,
the
bre
akd
own
of
tot
al
phs
oph
oru
s i
nto
org
ani
c a
nd
ino
rga
nic
(av
ail
abl
e)
for
ms
was
acc
omp
lis
hed
by
det
erm
ini
ng
the
ave
rag
e p
hos
pho
rus
com
pos
iti
on
of
tot
al
pho
sph
oru
s
in
Lak
e E
rie
fro
m a
vai
lab
le
C.C.I.W. data.
One
add
iti
ona
l b
rea
kdo
wn
of
the
Lak
e E
rie
nut
rie
nt
loa
din
g d
ata
is
req
uir
ed
by
the
Lak
e 1
mod
eli
ng
fra
mew
ork
.
Chlorophyll and zooplankton biomass contains biological
forms of nitrogen and phosphorus. The nutrients present in
the Lake Erie outflow were estimated to have 2.5 pg P/l and
17.5 pg N/l tied up in biomass forms. Since the nutrient
input in these forms is implicitly included in the
-58..
TABLE III—l
LAKE
ERIE
LOAD
CHARACTERISTICS(1)
Water
Quality
Mean
Annual
Standard
Error
Extremes
In
Lake
Erie
Load
Variable
Input
of
Annual
Input
Low
(5%)
High
(95%)
 
Total
Phosphorus
28,050
3,176
21,700
34,400
Organic
Phosphorus
24,120‘2)
—
18,660”)
29,580(2)
Available
Phosphorus
3,930(2)
—
3,040(2)
4,820(2)
Total
Nitrogen
478,610
—
356,845
600,374
Organic
Nitrogen
330,525
33,330
263,870
397,184
Ammonia
Nitrogen
30,660
4,050
22,565
38,755
Nitrate
Nitrogen
117,425
23,510
70,410
164,435
(
1
)
(2)
Based
on
analysis
of
STORET
and
O.M.E.
Data
collected
at
Buffalo,
N.Y.
Phosphorus
components
developed
from
ratios
of
phosphorus
forms
in
C.C.I.W.
Lake
Erie
Data
(Available
P
=
0.14
Total
P;
Organic
P
=
0.85
Total
P)
  
   
phytoplankton and zooplankton biomass inputs to the Lake 1
model, the loading associated with biomass nutrient forms
was subtracted from the organic nutrient loadings from Lake
Erie.
For purposes of extrapolating loadings to future
conditions the Lake Erie loading is assumed to decrease to,
and then remain constant at one of the three levels outlined
above for the simulation period. The mean annual Lake Erie
discharge is associated with each of the simulations with
additional sensitivity analyses to describe the effect of
other high (95%) and low (5%) discharge conditions on the
time to equilibrium and peak phytoplankton concentrationfor
the Lake. A description of the Lake Erie load relative to
other loadings to Lake Ontario is presented in the loading
summaries at the end of this chapter.
An additional Lake Erie loading condition was developed
to assess the sensitivity of phytoplankton biomass in the
Lake to naturally occurring variability in the Lake Erie
input. In this regard, 40 years of historical Lake Erie
discharge data (1930—1970) was used to develop a time history
of Lake Erie loading to the Niagara River. The mean annual
loading was developed from the product of the mean annual
discharge in each year and the long term average nutrient
concentrations from the Lake Erie outlet. The time history
of total phosphorus input from Lake Erie for this loading
condition is presented in Figure III-l.
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B.
Tr
ib
ut
ar
y
Lo
ad
in
gs
to
La
ke
On
ta
ri
o
Fu
tu
re
nu
tr
ie
nt
in
pu
ts
fr
om
tr
ib
ut
ar
ie
s
to
La
ke
On
ta
ri
o
co
ns
is
t
of
co
nt
ro
ll
ab
le
mu
ni
ci
pa
l
an
d
in
du
st
ri
al
in
pu
ts
wi
th
in
th
e
tr
ib
ut
ar
y
dr
ai
na
ge
ar
ea
an
d
la
rg
el
y
un
co
nt
ro
ll
ab
le
ba
ck
gr
ou
nd
lo
ad
in
gs
fr
om
di
st
ri
bu
te
d
so
ur
ce
s.
In
or
de
r
to
de
ve
lo
p
re
al
is
ti
c
es
ti
ma
te
s
of
tr
ib
ut
ar
y
lo
ad
s
in
th
e
fu
tu
re
un
de
r
pr
es
en
tl
y
pl
an
ne
d
lo
ad
re
du
ct
io
n
pr
og
ra
ms
th
e
co
nt
ro
ll
ab
le
an
d
un
co
nt
ro
ll
ab
le
po
rt
io
ns
of
th
e
tr
ib
ut
ar
y
in
pu
t
we
re
separated.
Th
e
mu
ni
ci
pa
l
an
d
in
du
st
ri
al
po
in
t
so
ur
ce
in
pu
ts
to
tr
ib
ut
ar
y
st
re
am
s
we
re
as
su
me
d
to
co
mp
ri
se
25
pe
rc
en
t
of
th
e
to
ta
l
nu
tr
ie
nt
lo
ad
in
g
fr
om
th
e
tr
ib
ut
ar
ie
s
to
La
ke
On
ta
ri
o.
Th
is
as
su
mp
ti
on
wa
s
ch
ec
ke
d
by
co
mp
ut
in
g
th
e
mu
ni
ci
pa
l
lo
ad
on
a
pe
r
ca
pi
ta
ba
si
s
us
in
g
es
ti
ma
te
s
of
th
e
to
ta
l
se
we
re
d
po
pu
la
ti
on
di
sc
ha
rg
in
g
to
th
e
up
ba
si
n
re
gi
on
.
Th
is
as
su
mp
ti
on
is
co
ns
id
er
ed
re
as
on
ab
le
an
d
wi
th
in
th
e
ac
cu
ra
cy
of
th
e
an
al
ys
is
.
Th
e
ba
se
un
co
nt
ro
ll
ab
le
tr
ib
ut
ar
y
nu
tr
ie
nt
lo
ad
wa
s
de
ve
lo
pe
d
by
ta
ki
ng
75
pe
rc
en
t
of
th
e
av
er
ag
e
19
73
—1
97
4
to
ta
l
tr
ib
ut
ar
y
nu
tr
ie
nt
lo
ad
di
sc
us
se
d
in
Ch
ap
te
r
II.
Th
e
ba
se
tr
ib
ut
ar
y
lo
ad
in
gs
de
ve
lo
pe
d
in
th
is
wa
y
ar
e
di
sp
la
ye
d
in
Tab
le
III
-2.
The
se
loa
ds
are
as
sum
ed
co
ns
ta
nt
for
the
dur
at
io
n
of
the
sim
ula
tio
ns
pr
es
en
te
d
in
thi
s
stu
dy.
TABLE III-2
E
S
T
I
M
A
T
E
D
U
N
C
O
N
T
R
O
L
L
A
B
L
E
T
R
I
B
U
T
A
R
Y
N
U
T
R
I
E
N
T
I
N
P
U
T
S
T
O
L
A
K
E
O
N
T
A
R
I
O
T
o
t
a
l
T
r
i
b
u
t
a
r
y
L
o
a
d
(
l
)
  
N
u
t
r
i
e
n
t
F
o
r
m
(
p
o
u
n
d
s
/
d
a
y
)
O
r
g
a
n
i
c
N
i
t
r
o
g
e
n
1
6
9
,
0
0
0
A
m
m
o
n
i
a
N
i
t
r
o
g
e
n
3
2
,
4
0
0
N
i
t
r
i
t
e
—
N
i
t
r
a
t
e
N
i
t
r
o
g
e
n
4
1
,
9
5
0
Total
N
i
t
r
o
g
e
n
243,350
O
r
g
a
n
i
c
P
h
o
s
p
h
o
r
us
9,200
Inorganic
P
h
o
s
p
h
o
r
us
3,000
Total
P
h
o
s
p
h
o
r
us
12,200
(1)
Estimates
include
nutrients
in
living
biomass
forms
C.
Municipal
and
Industrial
Loadings
to
Lake
Ontario
The
municipal
and
industrial
nutrient
loading
to
Lake
Ontario
was
established
at
a
1974
base
year.
Since
this
is
the
only
controlable
source
of
nutrients
addressed
within
the
context
of
the
Water
Quality
Agreement
the
future
loading
scenarios
are
closely
tied
to
anticipated
changes
in
this
loading
component
due
to
implementation
period
and
population
_ 73 _
   
  
g
r
o
w
t
h
w
i
t
h
i
n
t
h
e
b
a
s
i
n
.
F
u
t
u
r
e
n
i
t
r
o
g
e
n
a
n
d
p
h
o
s
p
h
o
r
u
s
i
n
p
u
t
s
to
L
a
k
e
O
n
t
a
r
i
o
f
r
o
m
t
h
e
c
o
m
b
i
n
e
d
m
u
n
i
c
i
p
a
l
a
n
d
in
du
st
ri
al
d
i
s
c
h
a
r
g
e
s
wi
ll
be
c
o
n
s
i
d
e
r
e
d
se
pa
ra
te
ly
.
1)
F
u
t
u
r
e
T
r
e
n
d
s
in
P
h
o
s
p
h
o
r
u
s
I
n
p
u
t
s
Th
e
p
r
e
s
e
n
t
(1
97
4)
to
ta
l
p
h
o
s
p
h
o
r
us
lo
ad
in
g
to
La
ke
O
n
t
a
r
i
o
fr
om
m
un
i
c
i
p
a
l
an
d
i
n
d
us
t
r
i
a
l
so
ur
ce
s
is
e
s
t
i
m
a
t
e
d
to
be
22
,4
20
po
un
ds
/d
ay
.
Th
is
lo
ad
co
ns
is
ts
of
17
,6
20
p
o
un
d
s
/
d
a
y
fr
om
d
i
r
e
c
t
m
un
i
c
i
p
a
l
d
i
s
c
h
a
r
g
e
s
(i
nc
lu
di
ng
Bu
ff
al
o)
,
4,
10
0
p
o
un
d
s
/
d
a
y
(e
st
im
at
ed
)
fr
om
m
un
i
c
i
p
a
l
an
d
in
du
st
ri
al
d
i
s
c
h
a
r
g
e
s
to
t
r
i
b
ut
a
r
y
st
re
am
s
an
d
ri
ve
rs
,
an
d
70
0
p
o
un
d
s
/
d
a
y
fr
om
in
du
st
ri
al
so
ur
ce
s
d
i
s
c
h
a
r
g
i
n
g
d
i
r
e
c
t
to
th
e
La
ke
.
Th
is
lo
ad
in
g
is
to
be
re
du
ce
d
to
16
,3
00
po
un
ds
/d
ay
to
sa
ti
sf
y
th
e
lo
ad
r
e
d
uc
t
i
o
n
r
e
q
ui
r
e
m
e
n
t
s
la
id
ou
t
in
th
e
Wa
te
r
Q
ua
l
i
t
y
A
g
r
e
e
m
e
n
t
as
d
e
s
c
r
i
b
e
d
be
lo
w.
Th
e
al
lo
wa
bl
e
mu
ni
ci
pa
l
an
d
in
du
st
ri
al
lo
ad
in
g
un
de
r
th
e
W
a
t
e
r
Q
ua
l
i
t
y
A
g
r
e
e
m
e
n
t
wa
s
d
e
ve
l
o
p
e
d
by
s
ub
t
r
a
c
t
i
n
g
th
e
W.
Q.
A.
La
ke
Er
ie
lo
ad
an
d
th
e
un
co
nt
ro
ll
ab
le
tr
ib
ut
ar
y
lo
ad
fr
om
th
e
to
ta
l
al
lo
wa
bl
e
ph
os
ph
or
us
lo
ad
.
Th
e
to
ta
l
al
lo
wa
bl
e
mu
ni
ci
pa
l
an
d
in
du
st
ri
al
lo
ad
wa
s
th
en
di
st
ri
bu
te
d
be
tw
ee
n
th
e
or
ga
ni
c
an
d
in
or
ga
ni
c
fo
rm
s
ac
co
rd
in
g
to
ra
ti
os
de
ve
lo
pe
d
(2)_
fr
om
da
ta
pr
es
en
te
d
by
Ca
se
y
an
d
Sa
lb
ac
h
Th
e
re
su
lt
in
g
W.
Q.
A.
ph
os
ph
or
us
lo
ad
s
ar
e
pr
es
en
te
d
in
Ta
bl
e
II
I—
3.
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TABLE III-3
W
.
Q
.
A
.
P
H
O
S
P
H
O
R
U
S
L
O
A
D
S
T
O
L
A
K
E
O
N
T
A
R
I
O
I
N
L
B
S
/
D
A
Y
O
r
g
a
n
i
c
I
n
o
r
g
a
n
i
c
T
o
t
a
l
P
h
o
s
p
h
o
r
u
s
P
h
o
s
p
h
o
r
u
s
P
h
o
s
p
h
o
r
u
s
L
a
k
e
E
r
i
e
t
o
N
i
a
g
a
r
a
R.
2
2
,
6
2
0
3
,
6
8
0
2
6
,
3
0
0
(
i
n
c
l
ud
e
s
b
i
o
m
a
s
s
p
h
o
s
p
h
o
r
u
s
)
T
r
i
b
u
t
a
r
i
e
s
9
,
2
0
0
3
,
0
0
0
1
2
,
2
0
0
M
u
n
i
c
i
p
a
l
a
n
d
I
n
d
u
s
t
r
i
a
l
6
,
2
3
0
1
0
,
0
7
0
1
6
,
3
0
0
Total
38,050
16,750
54,800
The
allowable
municipal
and
industrial
load
in
the
Lake
Ontario
basin
(including
loadings
to
the
Niagara
River)
is
16,300
pounds/day.
The
organic
and
inorganic
portions
of
that
loading
are
shown
to
be
6,230
pounds/day
and
10,070
pounds/day
respectively.
These
load
reductions
are
reasonable
to
achieve
using
presently
available
phosphorus
removal
technology.
The
corresponding
average
effluent
concentration
is
approximately
2.2
mg
P/l
at
1974
population
levels
and
1.3
mg
P/l
at
the
estimated
2015
population
(assuming
a
population
growth
rate
of
1.3%
annually).
The
implementation
period
over
which
this
load
reduction
is
achieved
is
taken
as
10
or
20
years
to
facilitate
a
Comparison
of
long
term W.Q.A.
implementation
with
short
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p
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e
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e
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i
e
r
s
t
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l
)
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t
h
i
s
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rd
a
s
t
r
a
i
g
h
t
li
ne
r
e
d
uc
t
i
o
n
fr
om
th
e
19
74
p
h
o
s
p
h
o
r
us
lo
ad
of
21
,7
20
p
o
un
d
s
/
d
a
y
(m
un
ic
ip
al
an
d
in
du
st
ri
al
)
to
th
e
W.
Q.
A.
lo
ad
s
is
as
su
me
d
fo
r
bo
th
im
pl
em
en
ta
ti
on
pe
ri
od
s.
At
th
e
en
d
of
th
e
im
pl
em
en
ta
ti
on
pe
ri
od
th
e
lo
ad
in
g
is
ma
in
ta
in
ed
at
th
e
W.
Q.
A.
le
ve
l
fo
r
th
e
en
ti
re
si
mu
la
ti
on
pe
ri
od
.
A
mo
re
de
ta
il
ed
il
lu
st
ra
ti
on
of
th
es
e
fu
tu
re
lo
ad
s
is
co
nt
ai
ne
d
in
th
e
lo
ad
su
mm
ar
ie
s
at
th
e
en
d
of
th
is
ch
ap
te
r.
2)
F
ut
ur
e
T
r
e
n
d
s
In
N
i
t
r
o
g
e
n
In
pu
ts
Th
e
pr
es
en
t
st
ud
y
do
es
no
t
co
ns
id
er
an
y
pl
an
ne
d
re
du
ct
io
n
in
fu
tu
re
ni
tr
og
en
lo
ad
s.
Th
er
ef
or
e,
th
e
ni
tr
og
en
lo
ad
in
gs
fr
om
mu
ni
ci
pa
l
an
d
in
ud
st
ri
al
so
ur
ce
s
ar
e
in
cr
ea
se
d
in
ac
co
rd
an
ce
wi
th
po
pu
la
ti
on
gr
ow
th
tr
en
ds
fo
r
th
e
La
ke
On
ta
ri
o
Ba
si
n.
Th
e
Gr
ea
t
La
ke
s
Ba
si
n
Co
mm
is
si
on
Fr
am
ew
or
k
St
ud
y(
3)
in
di
ca
te
s
a
pr
oj
ec
te
d
gr
ow
th
ra
te
in
th
e
ba
si
ns
ma
jo
r
me
tr
op
ol
it
an
ar
ea
s
of
0.
9
to
1.
5%
pe
r
ye
ar
th
ro
ug
h
20
10
.
On
th
is
ba
si
s,
an
av
er
ag
e
gr
ow
th
ra
te
of
1.
3%
wa
s
em
pl
oy
ed
in
de
ve
lo
pi
ng
ba
si
n
wi
de
po
pu
la
ti
on
gr
ow
th
.
Th
e
in
cr
ea
se
in
fu
tu
re
ni
tr
og
en
lo
ad
in
gs
wa
s
si
mi
la
ri
ly
as
su
me
d
to
gr
ow
at
1.3
%
per
yea
r.
The
ni
tr
og
en
for
ms
are
as
sum
ed
to
re
ma
in
at
a
co
ns
ta
nt
rat
io
re
la
ti
ve
to
the
tot
al
ni
tr
og
en
loa
d.
Tab
le
31—
4
pre
sen
ts
a
sum
mar
y
of
pr
oj
ec
te
d
ni
tr
og
en
loa
din
gs
fr
om
municipal and industrial sources.
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TABLE III—4
P
R
O
J
E
C
T
E
D
N
I
T
R
O
G
E
N
L
O
A
D
I
N
G
S
F
R
O
M
M
U
N
I
C
I
P
A
L
A
N
D
I
N
D
U
S
T
R
I
A
L
S
O
U
R
C
E
S
(
1
)
 
Nitrite/
o
r
g
a
n
i
c
A
m
m
o
n
i
a
N
i
t
r
a
t
e
T
o
t
a
l
Year
N
i
t
r
o
g
e
n
Nitrogen
Nitrogen
N
i
t
r
o
g
e
n
0(1974)
57,280
187,000
10,060
254,340
10
65,300
213,180
11,470
289,950
20
74,470
243,100
13,080
330,650
30
84,780
276,760
14,890
376,430
40
96,240
314,160
16,900
427,300
(1)Assumes
future
nitrogen
loads
increase
at
l.3%/year
_
—
—
—
—
—
.
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
_
—
_
—
_
—
—
D.
Atmospheric
and
Sediment
Release
Phosphorus
Loads
Phosphorus loadings from atmospheric and sediment
sources are discussed by Casey and Salbach(2).
These loadings
are presented in Chapter II.
Certain simulations presented in this study include
atmospheric and sediment sources of phosphorus to establish
an upper bound on phosphorus loadings to Lake Ontario.
These simulations utilizes the loadings presented in Table
II—8, assuming them to be invariant in time. There are
technical questions withregard to the availability of
phsophorus from atmospheric sources for phytoplankton growth,
but this issue is not addressed in the present study.
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E. Summary of Loading Scenarios
A
gr
ap
hi
ca
l
re
pr
es
en
ta
ti
on
of
lo
ad
in
g
sc
en
ar
io
s
to
La
ke
Ont
ari
o
is
co
nt
ai
ne
d
in
Fig
ure
III
-2.
The
fig
ure
re
pr
es
en
ts
lo
ad
sc
en
ar
io
s
in
a
40
ye
ar
ti
me
sp
an
an
d
in
cl
ud
es
lo
ad
s
fo
r
a
10
and
20
yea
r
im
pl
em
en
ta
ti
on
pe
ri
od
for
W.Q
.A.
loa
d
reductions.
It
is
no
te
wo
rt
hy
th
at
th
e
mu
ni
ci
pa
l
an
d
in
du
st
ri
al
loa
d e
sta
bli
she
d b
y t
he
Wat
er
Qua
lit
y A
gre
eme
nt,
16,
300
pounds/day represents an average effluent phosphorus
concentration of about 2.2 mg P/l. The agreement stipulates
in part that:
2.
Eff
lue
nt
Req
uir
eme
nts
.
The
pho
sph
oru
s c
onc
ent
rat
ion
s o
n
eff
lue
nt
fro
m m
uni
cip
al
was
te
tre
atm
ent
pla
nts
dis
cha
rgi
ng
in
exc
ess
of
one
mil
lio
n g
all
ons
per
day,
and
fro
m s
mal
ler
pla
nts
as required by regulatory agencies, shall not exceed a daily
average of one milligram per liter into Lake Erie, Lake,0ntario
and the International Section of the St. Lawrence River.
 
3.
Ind
ust
ria
l D
isc
har
ges
.
WaS
te
tre
atm
ent
or
con
tro
l r
equ
ire
-
ments for all industrial plants discharging wastes into the Great
Lakes System shall be designed to achieve maximum practicable
reduction of phosphorus discharges to Lake Erie, Lake Ontario and
the International Section of the St. Lawrence River. '
Hence the W.Q.A. municipal and industrial mass load appears
to be greater than the load dictated by effluent requirements.
Even if the allowable 16,300 pound/day load is extrapolated
to 2015 populations, the average effluent requirement is
approximately 1.3 mg P/l. Therefore, there is some "slack"
 NUTRIENT LOADING CONDITIONS TO LAKE ONTARIO
FIGURE III-2
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 in the W.Q.A. loads in the sense that if technologically
feasible phosphorus reduction is attained, the municipal and
industrial mass load will probably be less than 16,300
pounds/day.
Figure III-3 summarizes the present phosphorus loadings,
those required by W.Q.A., and those that are technologically
feasible for large scale treatment facilities.
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 CHAPTER IV
P
H
Y
T
O
P
L
A
N
K
T
O
N
S
I
M
U
L
A
T
I
O
N
S
A
useful
management
tool
for
evaluating
the
effects
of
present
and
future
loadings
on
phytoplankton
productivity
in
Lake
Ontario
is
the
LAKE
1
model
developed
by
Thomann,
et.
al.(l).
This
chapter
of
the
report
presents
the
results
of
a
series
of
simulations
using
the
LAKE
1 model
to
evaluate
the
impact
of
load
reduction
to
levels
specified
in
the
Water
Quality
Agreement
(W.Q.A.)
under
alternative
loading
scenarios.
In
particular,
results
are
presented
for
alternative W.Q.A.
implementation periods,
future nutrient
input
levels,
and a range of possible kinetic assumptions.
Additional analyses were conducted to evaluate the sensitivity
of these simulations to Niagara River discharge rate,
temperature, and short term (year toyear) load variability.
A. The LAKE 1 Model
The present investigation utilizes the LAKE 1 model to
evaluate future phytoplankton productivity trends in Lake
Ontario. As such the study builds on previous work and is
not concerned with model development or refinement. A brief
review(2) of the LAKE 1 model is included here for the
convenience of the present reviewer. That study presents
(l)
detailed discussions of model development and technical
-83—
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considerations relevant to the use and limitations of the
LAKE l model(2). The reader is referred to these studies
for a more detailed description of the model.
LAKE 1 MODEL REVIEW
Fig. 1 shows the geometry of the Lake 1 model. The principal features
included in the model are:
a) a two layer system with a sediment layer,
the mixing and stratification being accomplished
by vertical exchange
b) phytoplankton settling
c) external environmental inputs of nutrients
d) external environmental inputs of solar
radiation, water temperature and other
system parameters.
The system's diagram showing the interaction of the key variables
is given in Fig. 2. Ten dependent variables are included and
incorporate the major features of the interactions of
phytoplankton, zooplankton and nutrients. Table 1 gives the
basic physical data used and complete details are given in (l).
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B
A
S
I
C
P
H
Y
S
I
C
A
L
D
A
T
A
O
F
T
H
E
L
A
K
E
1
M
O
D
E
L
 
Segment
Segment
VOlum:
Depth
su::::e
Flow
Number
Interface
(m
x10
)
_3_
(Meters)
(metersz)
cfs
m3/sec
_§
1
297,000
19
17
43,500
1232
19
l-2
1.64.1010
2
1,373,000
81
73.3
188,500
5323
81
2-3
0.89.10lo
3(sediment)
-
0.15*
Note:
Vertical
dispersion
co
fficient
betweea
segments
No.
l
and
2
varied
from
0
—
6.7
cm
/sec
(0
0.78
m
/day)
* Segment #3 depth is arbitrary
Extensive
analyses
and
summary
data
from
1967-1970
formed
the
basis
for
verification
of
the
model.
The
results
of
the
verification
indicated
that
the model
provides
a reasonable
comparison
to
observed
lake-wide
average
values
of
chlorophyll,
zooplankton carbon, and various forms of nitrogen and phosphorus.
The analyses indicate that the spring growth phaSe and peak
phytoplankton biomass are primarily controlled by increasing
light and temperature and phosphorus limitation.
The mid-summer
minimum in phytoplankton is estimated to be due primarily to
zooplankton grazing and nitrogen limitation. The broad fall peak
in phytoplankton is a complex interaction of nutrient regeneration
(up to five times the external nutrient inputs), subsequent nutrient
limitation and then the fall overturn. Both nitrogen and
phosphorus are important nutrients in this dynamic succession.
Although the model parameters used in the verifications
are all considered reasonable and within reported litera*
ture ranges, no claim is made as to the uniqueness
of the particular parameter set that was finally derived.
Nevertheless, the conclusion of the model development
and verification stage of the work indicated that a
sufficient base had been established to use the model
for preliminary simulations of various levels of nutrient
reduction.
   
The
ear
lie
r w
ork
als
o i
ncl
ude
d s
ome
com
put
ati
ons
of
the
Lak
e
1 M
od
el
re
sp
on
se
und
er
di
ff
er
en
t
loa
d
inp
uts
,
but
as
sum
ed
tha
t
all
loa
d
re
duc
ti
on
wou
ld
be
ins
tan
tan
eou
s,
a
qui
te
unr
ea
li
st
ic
sit
uat
ion
.
In
thi
s
stu
dy,
the
ref
ore
,
a
mor
e
re
al
is
ti
c
sch
edu
le
of
loa
d
re
duc
ti
on
s
ove
r
10
and
20
yea
r
per
iod
s
was
ass
ume
d,
and
as
so
ci
at
ed
ph
yt
op
la
nk
to
n
responses were computed.
(l)
B. Kinetic Assumptions
 
Re
su
lt
s
of
ph
yt
op
la
nk
to
n
si
mu
la
ti
on
s
ut
il
iz
in
g
a
re
as
on
ab
le
set
of
nu
tr
ie
nt
—p
hy
to
pl
an
kt
on
-z
oo
pl
an
kt
on
kin
eti
c
int
era
cti
ons
,
as
wel
l
as
se
ns
it
ivi
ty
ana
lys
es
on
the
mo
de
l
whi
ch
con
sid
er
pe
rt
eb
at
io
ns
of
the
or
ga
ni
c
nu
tr
ie
nt
set
tli
ng
rat
es
and
the
con
seq
uen
t e
ffe
ct
on
lak
ewi
de
phy
top
lan
kto
n
gr
owt
h
are
co
nt
ai
ne
d
in
re
fe
re
nc
e
2.
The
pr
es
en
t
stu
dy
uti
liz
es
thr
ee
set
s
of
kin
eti
c
as
sum
pt
io
ns
to
es
ta
bl
is
h
a
ran
ge
of
lak
ewi
de
phy
top
lan
kto
n c
onc
ent
rat
ion
s u
nde
r w
hat
are
ter
med
"re
aso
nab
le"
, "
opt
imi
sti
c"
and
"pe
sse
mis
tic
"
assumptions with regard to nutrient settling and other
losses in the Lake.
The "reasonable" kinetic assumptions are those which
were developed during the verification of the Lake 1 model.
A more detailed review of these kinetics is found in reference
1. This set of kinetics includes a non-living organic
nutrient settling rate of 0.001/day. No percipitation of
inorganic phosphorus is considered under this assumption.
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p
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p
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e
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L
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u
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u
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e
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t
p
e
a
k
c
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o
r
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p
h
y
l
l
l
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v
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l
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un
d
e
r
p
r
e
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n
t
loads.
In
this
case,
both
inorganic
phosphorus
and
n
o
n
—l
i
vi
n
g
organic
nutrient
forms
(organic
phosphorus
and
organic
nitrogen)
are
removed
from
the
system
at
a
rate
of
0.001/day.
Inorganic_phosphorus
removal
might
take
the
form
of
phosphate
complex
percipitation,
while
organic
nutrient
decay
is
a
first
order
settling
process.
Finally,
a
worst
case
situation
is
evaluated.
This
is
a
kinetic
assumption
that
considers
the
inorganic
and
non—
living
organic
nutrients
to
be
conservative
(i.e.,
no
decay).
Under
this
assumption
the
sole
removal
mechanisms
of
nutrients
from Lake Ontario are the St. Lawrence River outflow and
phytoplankton settling.
This is termed the "pessimistic"
kinetic assumption.
In aggregate these three kinetic assumptions permit the
analyst to place upper and lower limits on phytoplankton
concentrations developed using the lake 1 Model. In addition,
they provide the management decision making process with
additional input that answers questions such as: what is
the best or worst conditions that might occur as a reslut of
a given load reduction program?
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C. Results of Phytoplankton Simulations
A total of 34 Lake 1 simulations were completed during
the course of this study. A tabular summary of these
simulations is provided in Table IV—l. The basis for
establishing loading scenarios for each simulation is described
in Chapter III. The three kinetic assumptions are outlined
in the previous section of this chapter. The simulation
results are discussed relative to the phosphorus load reduction
and its effect of phytoplankton growth. This is considered
the principal controllable factor in the alternative loading
scenarios. In any event, nitrogen is generally not the
limiting nutrient to peak seasonal phytoplankton biomass(2).
The result of load reductions to W.Q.A. loading levels
under a "reasonable" kinetic assumption is displayed in
Figure IV—l. The figure presents the annual lakewide peak
phytoplankton concentration for a 40 year simulation period.
The presently observed phytoplankton concentration and
nutrient concentrations are utilized as initial conditions
in these simulations. The solid and dashed lines represent
responses for a 10 and 20 year implementation period of
W.Q.A. load reductions, respectively.
The results show that the equilibrium peak phytoplankton
concentration is a function of the final equilibrium phosphorus
loading rate to Lake Ontario, and that the trend is toward
TABLE IV-l
SUMMARY OF LAKE l SIMULATIONS
 
Estimated
Implementation Phosphorus
Kinetic Period Load at W.Q.A.
Simulation Assumption
(Years)
Load Scenario
Implementation
1 Reasonable 10 Mean Niagara Loads 56,500
2 Low Niagara Loads 50,200
3 High Niagara Loads 62,900
4 High Niagara, At—
mospheric and
sediment loads 75,640
5 20 Mean Niagara Loads 56,500
6 Low Niagara Loads 50,200
7 High Niagara Loads 62,900
8 High Niagara, At—
mospheric and
sediment loads 75,640
9 Optimistic 10 Mean Niagara Loads 56,500
10 Low Niagara Loads 50,200
11 High Niagara Loads 62,900
12 High Niagara, At-
mospheric and
sediment 75,640
13 20 Mean Niagara Loads 56,500
14
Low
Niag
ara
Load
s
50,2
00
15
Hig
h N
iag
ara
Loa
ds
62,
900
16
Hig
h N
iag
ara
, A
t-
mospheric and
sediment loads 75,640
17
Pes
sim
ist
ic
10
Mea
n N
iag
ara
Loa
ds
56,
500
18 Low Niagara Loads 50,200
19 High Niagara Loads 62,900
20 High Niagara, At-
mospheric and
sediment loads 75,640
21
20
Me
an
Ni
ag
ar
a
Lo
ad
s
56
,5
00
22
Lo
w
Ni
ag
ar
a
Lo
ad
s
50
,2
00
23
Hi
gh
Ni
ag
ar
a
Lo
ad
s
62
,9
00
24
Hi
gh
Ni
ag
ar
a,
At
-
mospheric and
se
di
me
nt
lo
ad
s
75
,6
40
  
   
TABLE IV-l
(Continued)
SUMMARY OF LAKE l SIMULATIONS
Estimated
Implementation Phosphorus
Kin
eti
c
Per
iod
Loa
d a
t W
.Q.
A.
Sim
ula
tio
n
Ass
ump
tio
n
(Ye
ars
)
Loa
d
Sce
nar
io
Imp
lem
ent
ati
on
25
Rea
son
abl
e
10
Hig
h
Nia
gar
a
Loa
ds,
Low Flows 62,900
26
Hig
h N
iag
ara
Loa
ds,
High Flows 62,900
27
Low
Nia
gar
a L
oad
s,
Low Flows 50,200
28
Low
Nia
gar
a L
oad
s,
High Flows 50,200
29
20
Hig
h N
iag
ara
Loa
ds,
Low Flows 62,900
30
Hig
h N
iag
ara
Loa
ds,
High Flows 62,900
31
Low
Nia
gar
a L
oad
s,
Low Flows 50,200
32
Low
Nia
gar
a L
oad
s,
High Flows 50,200
33
Rea
son
abl
e
10
Mea
n N
iag
ara
Loa
ds
Elevated Temp. 56,500
34
Rea
son
abl
e
Aft
er
W.Q
.A.
Var
iab
le
Nia
gar
a
50,
560
-
Implementation Load 60,460
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peak concentrations 50% to 100% higher than the presently
observed peak chlorophyll concentration of 10—12 ug/l. The
simulations which represent mean Niagara River discharge
conditions show a peak equilibrium chlorophyll concentration
of 17.5 ug/l, while the high and low Niagara River simulations
indicate equilibrium concentrations 1.5 ug/l higher and
lower respectively; 16 ug/l and 19 ug/l.
An extreme loadingcondition which considers a high
Niagara River loading rate and the total reported atmospheric
and sediment release loads indicates a doubling of peak
lak
ewi
de
chl
oro
phy
ll
con
cen
tra
tio
ns
to
22
ug/
l.
Thi
s
loa
d
con
dit
ion
rep
res
ent
s t
he
max
imu
m l
oad
ing
s t
o L
ake
Ont
ari
o
which might be realized under the Water Quality Agreement
load reductions.
It should be pointed out, however, that there is a
major technical question concerning these phosphorus loads
in that they may be in refractory or complexed forms that
are not readily assimilated in phytoplankton growth.
The principal conclusion drawn from these results is
that the presently observed-peak phytoplankton levels in
Lake Ontario are not in equilibrium with the present loading
condition or the W.Q.A. loads. The system appears to be in
a transition period with a trend toward increased phytoplankton
levels over the next 10 to 15 years. The Lake 1 model
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u
t
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9
5
%
l
o
a
d
i
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g
l
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v
e
l
)
.
T
h
e
e
f
f
e
c
t
of
a
l
o
n
g
(20
year)
i
m
p
l
e
m
e
n
t
a
t
i
o
n
p
e
r
i
o
d
is,
to
s
u
s
t
a
i
n
a
h
i
g
h
l
o
a
d
i
n
g
r
a
t
e
to
the
l
a
k
e
o
v
e
r
a
l
o
n
g
e
r
p
e
r
i
o
d
of
time,
at
least
according
to
the
assumptions
made
herein
that
loads
decrease
linearly
from
the
present
loads
to
W.Q.A.
loads
over
the
implementation
period.
In
effect,
nutrient
concentrations
in
the
lake
continue
to
rise
for
a
longer
period
of
time,
yielding
higher
peak
chlorophyll
concentrations
than
would
be
observed
under
a
10
year
implementation
period.
This
accounts
for
the
more
rapid
rate
of
peak
phytoplankton
increase
in
the
initial
years
of
the
implementation
period
for
the
20
year
mean
Niagara
River
loading case over the 10 year implementation period case.
In addition,
the model
results show that the final equilibrium
condition may be exceeded for a period of time, or at least
approach the equilibrium level faster, for slow implementation
of w.Q.A. phosphorus reductions.
The total phosphorus and total nitrogen concentrations
in Lake Ontario which result under the reasonable kinetic
assumption and the alternative loading scenarios are presented
 
in Figure IV—2. The Figure represents the lakewide annual
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p
r
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r
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d
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t
i
o
n
programs.
S
i
m
i
l
a
r
r
e
s
u
l
t
s
a
r
e
p
r
e
s
e
n
t
e
d
for
"
o
p
t
i
m
i
s
t
i
c
"
a
n
d
"pessimistic"
kinetic
assumptions
in
Figures
IV—3
through
IV-6.
These
simulations
represent
an
analysis
of
the
previous
results
sensitivity
to
kinetic
assumptions
in
the
Lake
1
Model.
The
results
using
"optimistic"
kinetics
(the
most
rapid
rate
of
nutrient
loss
to
the
sediments)
generally
show
a
decrease
in
peak
phytoplankton
concentration
from
their
present
level
to
between
6.5
and
9.0
ug/l
depending
upon
the
Niagara
River
nutrient
loading
rate.
The
time
required
to
realize
the
lower
equilibrium
concentrations
is
principally
a function of implementation period,
and ranges from 11 to
22 years for the 10 and 20 year load reduction programs.
An interesting result is obtained in imposing the
atmospheric and sediment release phosphorus loads on top of
the W.Q.A. loads in this case. The figure indicates that
even under the most optimistic kinetic assumptions there is
a loading condition where presently observed peak phytoplankton
levels will be unaltered by W.Q.A. load reduction, the
transient response in this case is due to the high initial
loading rate due to evaluated Niagara River flows during the
past 8 years.
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The corresponding lakewide annual average total nutrient
concentrations in Lake Ontario are displayed in Figure IV—4.
Computed results are presented for alternative loading scenarios
and implementation periods under the optimistic kinetic assumption.
Model results using "pessimistic" kinetic assumptions
show large increases in peak chlorophyll concentrations for
all loading conditions. The range of variation in the
Niagara River load results in chlorophyll levels between
19.0 and 22.5 ug/l. The time to equilibrium and the nature
of the short term transient response is a function of the
W.Q.A. implementation period.
The "pessimistic" kinetic assumption condition which
includes the atmospheric and sediment release loads results
in an equilibrium peak chlorophyll concentration, lakewide,
in excess of 30 ug/l. In this case, however, the season in
which the peak concentrations occur shifts from the spring
and early summer to the fall after about 20 years. The
system will be phosphorus rich under this high loading
condition and nitrogen limitation to phosphorus growth
becomes an important factor in determining the ultimate
level of the spring phytoplankton bloom. The corresponding
total lakewide nutrient concentrations are presented in
Figure IV-6. The concentrations are displayed as annual
average concentrations.
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Epilimnion
water
temperature
Each
of
these
factors
is
discussed
in
this
section.
1.
Long
Term
Flow
Anomalies
The
Lake
1
simulations
presented
in
the
previous
section
were
developed for
alternative
Niagara
River
loading
conditions
calculated
using
Equations
II-l
and
II—2.
It
is
reasonable
to
assume
that
departures
from
the
mean
loading
rate
(high
or low loads) occur in one of three ways.
. Mean flow and high/low concentration
. Mean concentration and high/low flow
E . High/low concentration and low/high flow
The simulations presented in the previous section assume the
first condition; that is that in the long term the Niagara
River flow approximates the mean flow condition.
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The model was tested at other long term flow conditions.
These were the high (95%) flow of 233,000 cfs and the low
(5%) flow of 171,000 cfs. The results are presented in
Figures IV—7 and IV-8 for "reasonable" kinetic assumptions,
10 and 20 year implementation periods, and alternative
Niagara River nutrient loading levels.
Figure IV-7 presents the results for high Niagara River
flows. The figure shows increases in peak chlorophyll
levels of 0.5 to 2.0 ug/l above thosefor mean Niagara River
flows depending upon the loading level. For a condition of
low Niagara River flow the peak phytoplankton concentrations
decrease 1.0 to 3.0 ug/l depending upon the Niagara River
load (Figure IV-8).
By comparing these results with those presented in
Figure IV-l, one concludes that long term anomalies in
Niagara River discharge can contribute to between 3.0 and
4.0 ug/l variation in chlorophyll concentrations at W.Q.A.
loads. This variability is shown to be small for high or
low flow conditions that persist for only 5 to 10 years, and
increases as the flow anomaly persists for periods up to 40
years. The comparison also indicates that the shorter
implementation period is more sensitive to short term flow
variability than the 20 year implementation period.
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40
years
of
historic
Niagara
River
discharge
records
for
the
period
1930
to
1970.
The
simulation
only
considers
variability
in
the
phosphorus
load
due
to
variations
in
the
Niagara
flow,
and
does
not
consider
short
term
variations
in
the
hydraulic
characteristics
of
the
system.
These
assumptions,
while
valid,
probably
result
in
slightly
smaller
variability
than
would
be
observed
if
hydraulic
factors
were
considered
also.
The
results
of
the
simulation
is
presented
in
Figure
IV—9.
The
simulation
utilizes
inital
conditions
for
lakewide
phytoplankton and nutirent concentration which are those
computed at dynamic equilibrium in the mean Niagara River
load—reasonable kinetic assumption simulation (Figure IV-l).
The display indicates that short term variability in annual
nutrient loads from the Niagara River contributes to small
variations in peak phytoplankton biomass, generally less
than 11 ug/l.
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shifts
that
m
i
g
h
t
occur
in
such
cases.
A
simulation
using
the
Lake
1
Model
was
developed
for
this
purpose.
A
comparison
between
the
mean
annual
epilimnion
temperature
and
the
1972
temperatures
is
presented
in
Figure
IV-lO.
The
results
of
the
simulation
are
displayed
in
Figure
IV—ll.
E.
Summary
of
Simulation
Results
The
simulation
results
presented
in
the
previous
sections
reflect
long
term
trends
in
phytoplankton
biomass
levels
due
to planned phosphorus load reductions in Lake Ontario.
While the results are not intended to be predictions of
future conditions they do provide insights into the behavior
of the system under alternative loading scenarios which
incorporate key elements of the load reduction program
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Figure
IV—12
presents
a
summary
of
computed
chlorophyll
concentrations
ten
years
into
an
implementation
program
as
a
function
of
the
phosphorus
load
reduction
rate
in
pounds/day
per
year.
The
figure
considers
the
3
kinetic
assumptions
and
also
shows
the
present
range
of
peak
annual
chlorophyll
concentrations
observed
in
Lake
Ontario.
The
load
reduction
scale
is
paralleled
with
two
others
describing
the
total
load
reduction
achieved
in
10
years
and
the
residual
loading
at
the
end
of
10
years.
Finally,
five
reference
loading
conditions are displayed. These are:
l. The present total phosphorus loading to Lake
Ontario
2. The mass loading rate specified in the W.Q.A.
3. The mass loading rate based on an effluent total
phosphorus concentration of 1.0 mg P/l.
4. The mass loading rate which is technologically
feasible (0.1 mg P/l).
. . 2
5. Lake Ontario "pastoral" conditions( ).
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 Figure
IV—12
shows
that
there
is
some
uncertainty
that
present
peak
chlorophyll
levels
will
be
maintained
under
the
W.Q.A.
after
a
10
year
period.
One
would
have
to
assume
that
"optimistic"
kinetic
conditions
prevailed
which
as
indicated
in
other
work(2)
may
not
be
the
case.
If
one
uses
the
range
between
"optimistic"
and
reasonable
kinetics
as
a
guideline,
the
results
in
Figure
IV—12
indicate
that
substantial
reductions
must
be
accomplished
over
the
next
10
year
period
to
maintain
present
conditions.
It
can
also
be
noted
that
the technologically feasible level of 0.1 mg P/l in the
effluent does provide a greater degree of assurance that
the present biomass level will be maintained. Thus, the
rate of implementation appears to critically impact the
degree to which the intended goals of the Water Quality
Agreement are'realized in term of phytoplankton biomass in
Lake Ontario. It appears that a load reduction rate of
2,000 to 3,000 pound/day of phosphorus per year for a
ten year period is a sound objective if phytoplankton
biomass in the Lake is to be maintained at its present
level.
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